Modifying subterranean fluid flow patterns using barriers to improve pre-drainage in coal mining by Johnson Jr., Raymond L.
  
 
  
 
 
 
        Modifying Subterranean Fluid Flow Patterns Using Barriers to 
Improve Pre-Drainage in Coal Mining 
Raymond L. Johnson Jr. 
Master Science, Petroleum Engineering 
Graduate Diploma, Information Technology 
Bachelor of Arts, Chemistry 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2014 
School of Mechanical and Mining Engineering 
 
 
i 
 
Abstract 
 
Gas drainage has been performed in advance of coal mining for commercial 
production of gas and to reduce levels of gas to safe or regulatory levels required for 
coal mining. Inadequate pre-drainage can lead to higher levels of gas than may be 
adequately managed by ventilation systems, potential pressure scenarios, or even 
outbursts, any of which can affect mine safety and economics. Thus, it may be 
desirable to more rapidly depressurise the coal seam based on mine safety and 
production scheduling, currently requiring either stimulation of the coal or additional 
drilling of pre-drainage wells and potentially jeopardising project economics. 
The aim of this research is to establish non-permeable barriers or ‘curtains’ to alter 
subterranean fluid flow patterns in coal as a means to enhance pre-drainage in 
advance of coal mining and reduce gas influx into areas of mining. The novel method 
of barrier placement proposed in this thesis utilises hydraulic fracturing with non-
permeable materials from horizontal wells to create regions of permeability damage, 
reducing fluids influx into the drainage area. A modelling demonstration of a barrier 
placement is made with a generalised dataset derived from the Bowen Basin, 
Australia, a historical area of mining pre-drainage. The commercially available, 
planar, three-dimensional (3D) fracturing simulator applied in the thesis for barrier 
implementation was verified in a highly instrumented, hydraulic fracturing experiment 
in the Walloon Coals, Surat Basin, Queensland performed and referenced by the 
author.  
Once the barrier is placed in the reservoir, the effectiveness and benefits of a barrier 
placement are modelled for the theoretical gas drainage scenario and demonstrate 
the benefits of the barrier placement. A commercially available reservoir modelling 
software is used to investigate a range of potential reservoir parameters (e.g., 
porosity, permeability, permeability anisotropy, reservoir dip, etc.) to assess the 
impact and sensitivity of parameters. To validate the effectiveness of the barrier 
placement, the thesis describes strategies and simulates potential pressure 
responses based on two potential analytical models in a commercially available, 
analytical well testing software using observation wells. 
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To quantify the economic benefit of this research to the mining industry, an economic 
modelling framework is developed based on a on a pre-drainage production case 
where gas, predominantly methane, is sold into the Eastern Australian gas market 
and water costs differ between pre- and post-drainage to capture surface drainage 
cost differentials and efficiencies versus underground drainage costs. The model 
highlights key uncertainties and variables affecting economic outcomes based on 
timing of the implementation relative to the start of mining and any emissions trading 
scheme (ETS) or carbon costing that may be in effect. Environmental benefits and 
cost savings are based on potentially reducing fuel or fugitive gas emissions under 
two scenarios: either nil to current European Union (EU) market price (as of July 
2013) or EU market to Australian Treasury estimated long-term carbon costs (also as 
of July 2013). 
Implementing the design, execution, evaluation and verification strategies for barrier 
placement outlined in this thesis reduces uncertainties around barrier placement, 
reservoir modelling, and overall gas pre-drainage effectiveness in coal mining pre-
drainage applications. This research demonstrates that in moderate to high 
permeability cases, installation of barriers can increase the rate of pressure drainage 
within the perimeter curtained and relative to not installing the barriers. 
Economic analysis using the full range of outputs from the reservoir modelling 
indicates that installing barriers around areas of moderate to high permeability coals 
can be cash positive with internal rate of return (IRR) and net present value (NPV) 
highly dependent on the amount of alternative mitigation employed and inputted 
monetary discount rate. Installing barriers around drainage areas in moderate to high 
permeability coals has a positive environmental impact by reducing ongoing gas 
influx (i.e., for fuel or as fugitive mine emissions) from the target seam into operating 
then abandoned mine works from the surrounding unmined and undrained coal 
reservoir.  
Finally, the author makes recommendations for further research into flow modification 
materials (FMM), hydraulic fracturing diagnostics to improve barrier placement 
implementation and verification, and recommendations for multi-seam scenarios and 
operational implementation.  
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1. INTRODUCTION 
1.1 BACKGROUND 
Pre-drainage is the fluid (i.e., gas and water) drainage required to depressurise the coal in 
advance of mining operations. Fluids production and rate of depressurisation are a function of 
the coal properties and directional flow through a permeability system, which can be 
described by the pore, joint and cleat patterns within the coal structure (Gray, 1987a, 1987b). 
Over time and production, matrix shrinkage and net effective stresses can increase on the 
coal, affecting directional permeability anisotropy. The extent of these changes to coal 
permeability are related to in situ stress orientations and magnitudes relative to the prevailing 
butt and face cleats as well as other fabric features such as natural fracture or joint 
orientations (Mavor, 1995; Palmer and Mansoori, 1998). 
Since the early-1980s, drainage has been done in advance of mining for commercial 
production of gas then accelerated in mining operations in order to reduce levels of gas to safe 
or regulatory levels required for mining. The extraction of water and gas is managed via 
boreholes, or wellbores, of various geometries (e.g., vertical, inclined, horizontal, or 
multilaterals) placed within the coal to dewater then degas the seam (Ertekin et al., 1986; 
King and Ertekin, 1988). The water can be fresh to saline and the gas is predominantly 
methane but can include varying inert gasses (i.e., nitrogen, carbon dioxide). Well 
completions may or may not be cemented, cased, or lined to total measured or vertical depth. 
In almost every case, pre-drainage will involve some form of artificial lift and can require 
some sort of stimulation to effectively depressurise the cleats and fractures (Holditch, 1993). 
Through experimentation, the borehole orientations, completion styles, and artificial lift 
configurations can be optimised based on reservoir observations (Lambert, 1989). 
The coal seam gas (CSG) and coalbed methane (CBM) industries have long been growing 
complementary to coal mine methane drainage in terms of well design, execution and 
evaluation; cross application of technologies has progressed both industries, since from the 
early days of pre-drainage operations, gas sales have progressed both types of drainage 
projects (Diamond et al., 1989). One innovation taken from the petroleum industry and used 
as a tool to enhance pre-drainage is hydraulic fracturing (Lambert, 1978). However, the 
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mechanics of hydraulic fracture placement in coals has proven difficult and unable to 
consistently achieve similar design predictability as when applied in clastic reservoirs, mainly 
as a result of the layering and varying geomechanical properties of coal (Johnson, 1995; 
Johnson et al., 2000; Palmer et al., 1995). In parallel to hydraulic fracture modelling 
advances, the industry’s ability to mathematically model reservoir flow has improved and 
further studies have progressed the ability to account for the aforementioned geomechanical 
effects or mixed gasses; unfortunately, there still remains technology gaps or limitations in 
current simulators and models to fully account for small scale influences that variability of the 
coal has on gas pre-drainage.  
1.2 STATEMENT OF PROBLEM 
Gas pre-drainage is a capital intensive exercise with high degree of upfront uncertainty. Since 
the late 1970s, researchers realised across several case studies that this uncertainty could be 
reduced and drainage programs optimised by gathering a large volume of geological and 
reservoir data to determine optimal well patterns, directions and drainage spacing (Ogilvie, 
1995; Oyler et al., 1978; Perry et al., 1978; Perry et al., 1982). Over time, the understanding 
of the required data has grown from just an understanding of interrelationships of pressure, 
gas content, porosity, permeability, and permeability anisotropy over the area of mining to 
include the changes in those properties over time as the industry mines deeper underground, 
into areas of higher in-situ stress, pressures, and gas contents and potential interactions of 
these factors (Harpalani and Schraufnagel, 1990; Mavor and Gunter, 2004; Palmer and 
Mansoori, 1998).  
Inadequate gas drainage can lead to higher levels of gas than may be adequately managed by 
ventilation systems or pressure scenarios that may lead to outbursts (Gray, 1983; Noack, 
1998; Patterson, 1988). These conditions if not adequately addressed, can affect mine 
economics by delaying the start of mining operations or requiring redirection of mining 
equipment to other areas of the mine, when inadequately drained areas are encountered; this 
can cause scheduling and production delays and increased costs. In moderate to higher 
permeability coals, water and gas influx can be problematic during mining operations to the 
point that additional water handling or ventilation systems are required, increasing staffing 
and operational costs.  
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Over time, gas influx can remain a factor in mature mining scenarios and after mining 
operations are completed, since fugitive emissions and goaf influx may require continual 
mitigation (Karacan et al., 2007). Fugitive mine emissions are becoming more important as 
environmental pressures on greenhouse emissions continue to increase (Hayes, 2009; Su et 
al., 2005). A logical solution to aid pre-drainage and reduce fluids influx into areas during and 
post-mining would be to isolate the area requiring drainage by installing non-permeable 
perimeter barriers around the area of the reservoir for pre-drainage. 
To illustrate the process of how barriers or ‘curtains’ would achieve this: assume an area 
being proposed for longwall mining is as depicted as in Figure 1 (a), and has influx of fluids 
(e.g., gasses, water) into the proposed area for pre-drainage and mining. For the purposes of 
modelling in this thesis, the author assumes that any areas up dip or bounding the proposed 
area are separated by no-flow boundaries, as in Figure 1(b); these could be established by 
prior pre-drainage, current mineworks such as development roadways, or isolated by the 
installation of additional barriers. Then, either prior or concurrently with normal pre-drainage 
operations, barriers are installed around the area of pre-drainage, as depicted in Figure 1 (c). 
Further, an assumption throughout stages (a) and (b) is that average reservoir pressure 
gradients relative to a datum would remain constant across the areas of interest, and may 
decrease around the perimeter of current works (c), depending on the timing of barrier 
implementation and permeability of the coal.  
After barrier installation, the benefits of the barrier placement on further pre-drainage 
operations can be quantified by two methods. First, fluids production over time (i.e., gases 
and water) would be reduced relative to those volumes modelled or projected and not 
accounting for the placement of the barriers. Further, if barrier placements are successful, 
observable and increasing differential pressures would develop between the interior, or pre-
drainage area, and the surrounding reservoir, as pictured in Figure 1 (d). Finally, long term 
environmental benefits from fugitive gas emissions could be demonstrated by the barrier’s 
ability to maintain the established differential pressures or reduced levels of gas influx across 
the barriers, post-mining operations. 
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(a) Pre-drainage case 
 
(c) At installation of barriers or ‘curtains’
 
(b) Assumption of no-flow boundaries 
 
(d) Continuing pre-drainage creates greater pressure differentials between interior 
and exterior of pre-drainage area 
Figure 1: Demonstration of the problem and purpose of installation of the barriers or ‘curtains’ to alter subterranean fluid flow to improve pre-drainage for coal mining. 
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1.3 AIMS AND OBJECTIVES 
The aim of this research is to demonstrate that non-permeable barriers or ‘curtains’ are an 
effective method to enhance gas pre-drainage in advance of coal mining by reducing gas 
influx into areas of mining by altering subterranean fluid flow patterns in coal. The objectives 
of this research are as follows: 
 Establish GOHFER®, a commercially available, fully-3D, hydraulic fracturing 
simulator, as a means to effectively model hydraulic fracturing in coal and particularly 
for installing the barriers from horizontal wells drilled around the perimeter of a 
proposed mining area. This is achieved by developing the workflows required to 
design and execute the barrier placement using GOHFER®. 
 Develop workflows to evaluate the effectiveness and potential benefit of the barriers 
using GEM, a commercially available, advanced, general equation-of-state, 
compositional, reservoir simulator.  
 Develop diagnostic post-placement strategies based on the author’s experimental 
results from Surat Basin coal seam gas fracturing experiments.  
 Demonstrate example post-placement, pressure transient analysis (PTA) techniques 
and models using Fekete F.A.S.T WellTest™, a commercially available, analytical 
well test modelling software. 
 Develop an economic framework to evaluate the financial effectiveness of a barrier 
placement, based on a whole-of-life management of gas, composed predominantly of 
methane, and water influx during coal mining. 
 Quantify the environmental benefits and potentially reduced costs based on lessening 
fuel or fugitive gas emission costs based on two scenarios representing the range of 
carbon pricing from nil to a future, projected, market-based carbon pricing scheme. 
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1.4 SCOPE 
This thesis addresses the overall strategies and considerations of placing a barrier or ‘curtain 
around a potential area for longwall mining to improve drainage effectiveness by limiting or 
isolating the area requiring drainage. This thesis has not actually implemented the barrier 
placement process, only developed the required workflows to design, execute, evaluate and 
validate the effectiveness of an implementation through modelled simulations. Its primary 
deliverables are the workflows to implement a barrier placement and a framework to evaluate 
the concepts’ effectiveness, expressed in terms of the impact on overall project economics. 
Wherever possible, the workflows incorporate and honour the uncertainties in the data by 
inputting into models probabilistic distributions of data rather than discrete variables. 
As such, the thesis has made some assumptions and limited the scope on investigated 
parameters to create these workflows and develop the implementation process within a 
manageable size and within the time allotted. While many processes form key aspects of the 
research projects’ workflows, these really represent offshoot research areas that can be further 
explored to improve actual implementations or increase the understanding of barrier 
implementations and will be required for actual implementation. The recommendations and 
modelling inputs and outputs in this Thesis only consider gas or water influx that may result 
from a single seam pre-drainage case. Understandably, multi-seam cases are quite common 
and these concepts would need to be expanded on a “case-by-case” basis and consider the 
requirements to isolate underlying or overlying seams and any adjoining porous and 
permeable strata. For example, in relation to barrier placements this thesis will not: 
 consider effects of vertical or lateral heterogeneity of the coal in the modelling 
processes; 
 evaluate other hydraulic fracturing simulators besides GOHFER®; 
 evaluate reservoir modelling workflows or compare reservoir simulators (outside of 
GEM) for modelling water and gas production; 
 perform an inclusive study of all parameters affecting coal seam drainage; 
 evaluate multiple or differing drainage well drilling methodologies or completion 
strategies and efficiencies;  
 evaluate all potential hydraulic fracturing diagnostics or analytical well testing 
models; 
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 develop new flow profile modification materials to implement in barrier placement; or 
 consider effects of multi-seam behaviour. 
In short, the research uses current ‘best practices’ and commercially available software (i.e., 
GOHFER®, GEM, F.A.S.T. WellTest™) to develop workflows for design, execution, 
evaluation, and verification of a barrier placement and to assess the financial benefits of the 
barrier placement to pre-drainage for coal mining. Every attempt is made to document areas 
of uncertainty in any user defined value, assumption or techniques employed, so that as 
technologies improve the design, execution, evaluation or validation of barrier placements can 
be improved. 
1.5 BENEFITS AND SIGNIFICANCE OF RESEARCH 
1.5.1 Mining Industry Aspects 
The significance to the mining industry of this research is the establishing the process, 
requirements, and benefits of implementing non-permeable barriers or ‘curtains’ as a means to 
enhance coal pre-drainage in advance of mining. The main deliverable of this research is an 
established multidisciplinary workflow to design, execute, evaluate, and verify the results 
obtainable from the placement of non-permeable barriers. Reservoir modelling outputs and 
reasonable economic parameters demonstrate that the process results in improved gas 
drainage economics in moderate to high permeability coals by improving drainage efficiency– 
either by increasing income through gas production; decreasing costs in the area of water 
production; or potentially reducing costs associated with fuel or fugitive gas emissions under 
a carbon pricing environment. By addressing the overall processes involved before, during, 
and after a barrier placement, this research highlights areas of consideration for further 
research or as required for a case-by-case implementation. Further, the presented workflows 
allow for flexibility to implement more complex models, processes, or complementary 
technologies as they develop. 
1.5.2 Environmental Considerations 
In moderate to high permeability coals, an environmental benefit is achieved by placing a 
‘curtain’ around an area of gas drainage, as it limits or isolates the area requiring drainage and 
reduces gas influx during and after mining. When evaluating future long-term drainage 
strategies, it has become increasingly more important to consider beyond the direct costs and 
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revenues associated with water or gas production and look to the indirect and long-term 
economic costs that may flow through the project over time from an environmental 
standpoint. Continuing open ventilation of gases, particularly methane, into the atmosphere 
along with open water storage and evaporative disposal methods have become more 
problematic in the current political environment where indirect stakeholders have 
demonstrated increased scrutiny and political activism on greenhouse gas emissions and 
sustainable produced water practices. In some cases, it may be worthwhile placing barriers 
around existing or past mine workings in areas where mitigation of gas or water influx 
continue to be environmentally problematic to a mining operation. 
1.6 OUTLINE OF THE THESIS 
As opposed to a topic which is typical or linear in its form of research (e.g., hypotheses, data, 
experimentation, results and conclusions), this topic as outlined is composed of a number of 
multidisciplinary and interdependent processes or workflows that must be managed 
effectively and interdependently by the practitioner(s) to achieve the desired result, an 
effective barrier placement around an area of pre-drainage. As such the outline of the thesis is 
presented as a multi-stream flowchart aligned along the individual workflows comprising the 
research (Figure 2). As outlined below, each chapter of this thesis presents overall strategies 
and considerations along with well-defined workflows to manage the uncertainties in data, 
models, or operational aspects relating to barrier placement around an area to improve pre-
drainage effectiveness. 
Before traversing these workflows, Chapter 2 outlines the state of current technologies 
involved in the pre-drainage process and the methods to acquire and validate data sets for 
design, execution, evaluation, and verification of a barrier placement using hydraulic 
fracturing and reservoir simulation techniques. Firstly, the data acquisition technologies, their 
effectiveness and limitations, and importance of adequate data collection for proper hydraulic 
fracture or reservoir simulation in coals are discussed. This chapter describes the current state 
of hydraulic fracturing modelling as well as diagnostics to evaluate the placement of a 
hydraulic fracture, or barrier. The recommendations in this chapter are based on thorough 
literature reviews and results published following the author’s research and experimentation 
in the Surat Basin, relating to coal seam gas well stimulation design, execution and evaluation 
using the GOHFER® simulator in conjunction with extensive diagnostics. 
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Next, Chapter 2 discusses the choices of non-permeable materials readily available to 
establish the barriers and each material’s relative strengths and weakness as relating to the 
barrier placement process. Colloidal silica has been used as the grout material of choice in 
past mining activities based on relatively low cost, and its past success and longevity in water-
wet systems (Oyler, 1984). Another reason for its choice is the positive environmental 
considerations relative to more complex, polymeric systems. Chapter 2 describes the 
properties and potential limitations of colloidal silica as well as other currently available fluid 
or grout systems. Finally, Chapter 2 presents clear gaps in the technology as it relates to the 
design, execution, evaluation and verification for barrier placements. 
Chapter 3 presents a design workflow for data collection and steps to assure proper 
implementation of a hydraulic fracture, barrier placement in coals. Implementation will 
require a highly skilled, multi-disciplined practitioner in hydraulic fracturing design, 
execution and evaluation, along with the support of additional technical team disciplines 
including geology and geophysics; laboratory and technical support services; well 
construction; production and operations management; and reservoir engineering. Once a 
generalised plan is outlined, the data acquisition and calibration workflows can be used on a 
vertical offset or vertical pilot well to identify the required volume and establish the targetable 
length of lateral interval to perform a barrier placement.  
In Chapter 4, the research demonstrates implementation of the barrier placement process and 
workflows using a Bowen Basin data set. To simulate the implementation at the field, well 
and individual zone detail, assumptions must be made regarding the well placement, 
trajectories, and mechanical systems in order to demonstrate the placement of an effective 
barrier in a coal mining environment. A general discussion of modelling considerations used 
to make these choices is presented, including the recommended mechanical approaches for 
field implementation and details of how colloidal silica rheological and fluid loss data can be 
inputted into commercially available hydraulic fracture simulators (e.g., GOHFER®). 
Once placed, methods need to be established to determine the benefit of placing the barrier to 
achieve the desired outcome. As in scoping real cases before placing a barrier, the first step is 
determining the extent of blockage required to affect a beneficial outcome of a barrier 
placement and the sensitivity of input variables to that outcome. The first portion of Chapter 5 
demonstrates the overall workflow for building a data set for scoping potential barrier 
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effectiveness with GEM, the selected reservoir simulation modelling software (Computer 
Modelling Group, 2012b). Next, the range of variables and their impact on outcomes must be 
evaluated; this is performed using the sensitivity analysis capabilities on the range of input 
variables using CMOST, the Computer Assisted History Matching, Optimization and 
Uncertainty Assessment Tool from CMG (Computer Modelling Group, 2012a) with GEM.  
The research then demonstrates the process and workflow implementation to evaluate the 
barrier’s effectiveness using the range of possible input values for key parameters using the 
same Bowen Basin case dataset that was used for the barrier placement design. This is also 
performed in GEM using the uncertainty analysis components available within CMOST. 
Chapter 5 demonstrates the overall workflow for seeding an uncertainty-based, reservoir 
simulator to produce the main deliverable of the reservoir modelling– Monte Carlo, 
simulation-derived, production outcome distributions with and without the implementation of 
a barrier placement using input distributions of key parameters from prior sensitivity analyses 
(e.g., reservoir permeability, anisotropy, porosity, and reservoir dip angles).  
Chapter 6 describes the diagnostic methods that can be used to validate the placement of the 
barrier, monitor the performance of the barrier in the short term, and evaluate the barriers’ 
effectiveness over time. The research demonstrates the application of potential diagnostic 
strategies and outlines proposed implementation plans using the diagnostic techniques 
detailed in Chapter 2. Recommendations for hydraulic fracturing diagnostics are made 
relative to the conclusions from the researcher’s Surat Basin experimental studies and 
discussions with industry experts. Then, examples of PTA techniques are made for evaluating 
and verifying the barrier placement using analytical well testing models in the Fekete F.A.S.T. 
WellTest™ software.  
In Chapter 7, the researcher presents an economic framework to evaluate the benefits obtained 
by placement of reservoir barriers in a coal mining environment to improve coal mining pre-
drainage. It is based on: whole-of-life management (i.e., incomes, costs) of gas and water 
production during pre-drainage and mining as well as reductions of remnant gas influx post-
mining operations, which could either be used as fuel or be considered as fugitive gas 
emissions. The economic model outputs a distribution of net present value (NPV) and internal 
rate of return (IRR) outcomes, which are highly dependent on the range of coal permeability 
and the corresponding production of water and gas. The results are largely cash positive with 
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NPV highly dependent on the applicable cash discount rate and whether or not an emissions 
trading scheme (ETS) or carbon pricing in in effect during and after the commencement of 
underground mining. 
Finally, in Chapter 8 the author presents the conclusions of the research and reiterates 
recommendations made in previous chapters relating to key aspects for design, execution, 
evaluation, or verification of a barrier placement. Key findings of each step of the overall 
process are compiled and summarised as well as recommendations made for further research 
regarding flow modification materials (FMM) and microseismic monitoring diagnostics as 
well as considerations for mine implementation.  
By breaking the process into the individual workflows in each chapter, it is envisaged that 
future researchers and practitioners would be able further develop individual segments of the 
process, then incorporate the knowledge gained with the remaining workflows as 
technological improvements occur in the fields of: 
 geophysical logging, formation evaluation, or reservoir characterization; 
 flow modification chemistry or grouting techniques; 
 horizontal well placement or mechanical deployment systems; 
 hydraulic fracture modelling and diagnostics; and 
 reservoir models, modelling techniques, surveillance or well testing methods.
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Figure 2: Thesis outline as workflows to design, execute, evaluate, and verify the placement of barriers or ‘curtains’ to alter subterranean flow to enhance pre-drainage 
effectiveness in advance of mining
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2. CURRENT STATE OF TECHNOLOGY 
2.1 INTRODUCTION 
This chapter outlines the state of current technologies around the design, execution, 
evaluation and verification techniques that would be associated with the placement of a 
permeability barrier in coal using hydraulic fracturing and reservoir simulators. For example, 
reservoir characterisation of coals is necessary to provide the data required to properly 
simulate a hydraulic fracture and model or history-match the reservoir performance of a coal 
pre-drainage project. However, the full integration of modern techniques in a single dataset 
have only been performed after extensive wells are in place or in the course of specifically 
designed ‘pilot projects’.  
Hydraulic fracturing modelling and diagnostic techniques are relatively well defined for 
clastics; however, their application in coals is more limited and there are few examples of 
integration with multiple diagnostics. Even more limited are examples that have an integrated 
reservoir characterisation program associated with the design, execution and evaluation of a 
fracture treatment. In this chapter, the current state of hydraulic fracturing and reservoir 
simulation as well as potential applicable flow modification materials (FMM) for barrier 
placement will be discussed. The choices of FMM available to establish a permeability barrier 
in a coal environment are limited, so relative strengths and weaknesses relative to a coal 
environment must be identified and evaluated relative to the placement of the barrier. 
The last section of this chapter outlines the technology gaps that are being addressed by the 
research. The researcher identifies a gap in reservoir characterisation data sets that are fully 
integrated with a relatively complete suite of diagnostics. Key results of the author’s 
experimentation in a Surat Basin, Walloon case are presented throughout this chapter and 
progressed into detailed workflows to design, model then verify the placement of the barrier 
in subsequent chapters. As there is a large gap in research of FMM for application in coal, the 
author is unable to fully bridge this gap; hence, the most logical barrier material is identified 
and the reasons for that choice are outlined in this chapter for later elaboration.  
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2.2 RESERVOIR CHARACTERISATION 
2.2.1 Reservoir Characterisation in Coal 
Many geological factors affect the gas storage capacity and deliverability of coals as a 
reservoir, since coal exists as both a source rock and reservoir (Ward, 1984). Reservoir 
characterisation tools such as core descriptions and physical testing, geophysical log analyses, 
well testing results, and data integration techniques assist the researcher in understanding the 
properties and inter-relationships in permeability, porosity, and gas storage characteristics that 
derive flow characteristics and gas storage capacity.  
Gas storage capacity can be defined by a combination of the free gas existing in the cleats and 
fractures, gas stored in micro-porosity and gas adsorbed in the coal; it is a complex system 
with variability resulting from the geological, hydrological, thermal and stress settings, to 
which the coal has been exposed (Steidl, 1996). To further complicate the process, 
understanding the natural fracturing created by secondary stress events and their orientation is 
important relative to the cleating direction, which is dominated by paleostresses and the 
depositional environment (Dawson and Esterle, 2010). Finally, these data must be evaluated 
relative to the current in situ stress state to determine which fractures and cleats are more 
favourably aligned, or permeable, to production and affected by net effective stress (Johnson 
et al., 2003; Mavor and Gunter, 2006). 
Core acquisition, geophysical logs, and PTA methods are the three primary reservoir 
characterisation sources to develop the dataset required to effectively place a non-conductive 
hydraulic fracture (i.e., a barrier or curtain). Further, these data sources are necessary to 
establish an estimate of the reservoir’s bulk permeability, which drives reservoir performance. 
This is not unlike the reservoir characterisation required for coal seam gas production or 
drainage optimisation (Conway and Barree, 1998; Young et al., 1993), as the barrier 
placement is only modifying the reservoir performance within the region of pre-drainage, 
isolated by the barrier placement. When collected spatially across an area proposed for 
drainage, reservoir characterisation data form the basis of understanding the overall 
architecture, initial deliverability and long-term drainage results based on trends within 
geological and geomechanical models (Ayers et al., 1991). 
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2.2.2 Core Logging 
Core, generally wireline retrieved, can be logged to describe the cleat spacing, vertical 
reservoir distribution, depositional settings and determine gas content and storage capacity 
(Esterle and Ferm, 1986; Mavor et al., 1990). Once logged, brightness or lithotype profiling 
can be used along with geophysical logs to assist the mining or reservoir engineer to 
understand the distribution of key parameters to pre-drainage design and modelling (Esterle, 
2008). Ultimately, the stochastic geological models can be integrated into three-dimensional 
reservoir models once further geophysical logging and PTA data are integrated into the 
dataset. Whilst core acquisition on every well is not feasible, an adequate distribution of core 
is recommended across a field or area in order to describe the degree of variability in reservoir 
properties in order to derive meaningful output from uncertainty modelling in reservoir 
simulations (Jensen et al., 2000). 
2.2.3 Geophysical Logs  
Geophysical logs can be used to understand coal thickness, natural fracture spacing, density, 
and permeability anisotropy. For example, gamma ray, bulk density and elemental 
information, acquired from thermal neutron activation or natural gamma ray spectrum, can be 
used to correlate net heights in wells where core is not acquired (Mavor, 1995; Zhou, B. and 
Esterle, 2008). Permeability can be empirically correlated at a field wide level and to core 
data using resistivity log data or combination of geophysical log data (Aguilera, 1994; Fu et 
al., 2009). Further evaluations using new technologies such as sonic-anisotropy (Hayman et 
al., 1998; Paillet, 1985) and acoustic or micro-resistivity imaging logs (Cornet et al., 2003; 
Delhomme, 1992) can lead to a better understanding of fracture density, spacing, orientation, 
anisotropy and relative conductivity. 
Dynamic sonic data is an essential element in defining rock mechanical properties for 
hydraulic fracture modelling in clastics as well as coals (Mullen et al., 2007). Standard triaxial 
testing is often used for establishing static rock mechanical property correlations for clastics 
(Morales and Marcinew, 1993). However, static testing of coal core materials must be treated 
with some degree of caution as the formation compressibility could prevent representative 
core sampling using rapid, wireline retrieval. Rapid retrieval from depth can result in some 
degree of expansion and structural changes that might occur as gas is discharged from the 
relatively compressible coal matrix.  
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Recent generation, cross-dipole, sonic-anisotropy, logging techniques are now able to more 
reliably acquire shear sonic data, discern fracture orientation, and ascertain the degree of open 
fractures. By employing new tool designs and computational filtering techniques they are able 
to more reliably process cross-dipole sonic waveforms for shear slowness and coherence, 
allowing more reliable determination of intrinsic permeability and the presence and potential 
causes of stress anisotropy (Johnson et al., 2010a; Prioul et al., 2004).  
Finally, image log analysis can be used to verify the direction of minimum horizontal stress 
by determining the azimuth of borehole breakout (Brudy and Zoback, 1999; Morales et al., 
1989). Details of the extent and location of borehole breakout, pressure data from drilling, 
dynamically derived rock mechanical properties and the magnitude of minimum horizontal 
stress (h-min) can be used to constrain a one-dimensional (1D) or two-dimensional (2D) in-
situ stress cage model for the wellbore and zone (Brudy and Zoback, 1999; Ito et al., 2001; 
Vernik and Zoback, 1992; Zhou, S., 1997; Zoback and Healy, 1992). Certainly, calibrated 1D 
and optimally 2D in-situ stress models can provide key inputs to optimise the orientation of 
the well trajectory and model the barrier placement in a hydraulic fracturing simulator 
(Johnson et al., 2010a). 
2.2.4 Pressure Transient Well Testing  
Whilst logs and cores can give indications of permeability and give vertical distributions of 
cleated or naturally fractured intervals, PTA remains one of the most reliable methods to 
describe the bulk storativity or bulk permeability of the system. Pressure drawdown and 
buildup, injection/falloff, or diagnostic fracture injection testing (DFIT), whether acquired in 
open hole or cased hole, are all successful methods to ascertain permeability that must be 
prudently applied based on the range of expected permeability (Clarkson and Bustin, 2011; 
Nolte et al., 1997). Even without a complete understanding of coal compressibility behaviour, 
the storativity coefficient can provide comparative porosity data, provided saturations and 
coal properties do not vary significantly within a study area. 
Most commercial well test analysis packages allow the modern practitioner to design a test 
using a range of estimated permeability values and boundary conditions to ascertain whether 
shut-in times are operationally feasible to obtain permeability or whether another test style is 
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more applicable to attempt within an allotted time frame. Whilst production data analysis 
(PDA) of drainage wells can give permeability, drainage area and indications of completion 
effectiveness (i.e., skin damage or dimensionless pressure drop) for input into field wide 
reservoir models; it is still recommended to calibrate PDA with respect to the value of bulk 
permeability using well testing (Clarkson, 2013a; Jones et al., 1985; Zuber et al., 1987) in 
order to constrain the remaining outputs.  
Standard drawdown and buildup or injection with falloff tests have been the most common 
PTA techniques used to obtain bulk permeability of coals and is most often used in open drill 
hole or exploratory drilling using a drill stem testing (DST) tool. Pressure transient testing 
using observation wells has been the best method of determining azimuthal bulk permeability 
and requires two to three, often orthogonally placed, observation wells (Koenig and Stubbs, 
1986), and uses a centrally located injection or drawdown source to create the pressure 
transients. Injection-falloff testing is another means to gather permeability data in open hole 
testing but is often problematic in low-permeability or cased hole environments because of 
poor connectivity to the reservoir though the cemented and perforated completion without 
pre-fracturing the coal (Hopkins et al., 1998).  
Again, there are a number of boundary conditions and flow, interference, or injection fall-off 
test (IFT) methods that can used to potentially investigate a barrier placement. In this 
research, a commercially available well testing package employing analytical solutions, 
F.A.S.T WellTest™, is used to demonstrate the application of these tools to evaluate the 
presence of a barrier placement, using pressure transient responses from a drawdown followed 
by shut-in and pressure buildup scenario. In cased hole environments and low-permeability 
coal reservoirs, without some natural or near-wellbore hydraulic fracturing, most operators 
now choose to bypass an IFT and go directly to very small fracture injections and analysing 
the falloff data following the created fracture closure using DFIT techniques either via cased 
hole completions or new, wireline conveyed, open hole, injection testing tools (Ramurthy et 
al., 2002; Soliman and Kabir, 2012). 
2.2.5 Data Integration  
Ultimately it is the combination of data from various core holes, open hole logging, open hole 
transient testing and cased hole testing that must be integrated with natural fracture studies, 
sonic anisotropy logging results, and acoustic and micro-resistivity image log studies to get a 
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complete characterisation of the coal as a reservoir and prior to hydraulic fracturing or 
reservoir simulation (Johnson et al., 2010a). These data also become the basis for further field 
wide studies to evaluate overall areas of permeability enhancement or areas that are 
problematic for hydraulic fracturing and wellbore stability, based on integrating these data 
with an overall understanding of the current in-situ stress state from other sources such as 
joint and fault mapping (Johnson et al., 2003). 
For example in the case presented by Johnson et al. (2010a), in Figure 3 one can see the 
benefits in corroborating the micro-resistivity and sonic anisotropy log data taken over a 
Walloon coal interval to describe the natural fracturing direction. In Figure 3 (a) the micro-
resistivity log image data (a) has been interpreted to plot the natural fracture azimuth as a rose 
diagram (b), oriented 310-220 degrees NNW. In comparison, the natural fracture azimuth 
from the sonic anisotropy log has been interpreted and plotted as a rose diagram (c) depicting 
the direction of intrinsic permeability derived over the same intervals being 316-220 degrees 
NNW. Further, the micro-resistivity and sonic anisotropy log data can give some indication of 
fracture development and potential conductivity, when both are taken across a fractured 
interval.  
This case demonstrates the power of data integration and collaboration in constraining a key 
variable in understanding anisotropy of permeability, that being the azimuth and frequency of 
natural fracturing (Johnson et al., 2010a). Without this integration and collaboration of data, 
the optimisation of hydraulic fracturing and reservoir models can be relatively unconstrained 
and any number of outcomes may be realised unless other diagnostics are employed with the 
fracture treatment or through long-term observation well data. 
With regards to full data integration, it is important to also consider that as a result of mining 
more than one seam or reservoir may be contributing to fluids influx during and post-mining 
operations. Where applicable, it is important to characterise those reservoirs in a similar 
manner with respect to storativity and deliverability and ascertain the extent of influx 
expected from external seams through jointing or fault reactivation. PTA methods as those 
identified in section 2.24 and reservoir modelling as described in the next section may be 
required to estimate the potential contribution of these external reservoirs, which must be 
managed along with fluid influx from the target seam. 
  
 19 
 
 
(a) Micro-resistivity image log of fractures over a Walloon Group interval 
 
(b) Rose plot of coal-bounded fractures from micro-resistivity logs over the 
Walloon Group interval 
 
(c) Rose plot displaying intrinsic anisotropy derived from sonic anisotropy 
log data
Figure 3: Integrating data from micro-resistivity image and sonic anisotropy logs to derive natural fracture azimuths (after Johnson et al., 2010a)
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2.3 RESERVOIR MODELLING IN COAL 
Total fluid production and composition versus time is based on a coal cleat or natural fracture 
properties, directional permeability of the system, porosity of the system, fluid saturations and 
compositions, and stress sensitivity– all parameters derived from the reservoir characterisation 
process (Gray, 1987a; Zuber, 1996). Flow to the wellbore is generally linear or pseudo-radial 
through the cleats and natural fractures based on the direction of maximum horizontal 
permeability; this production can be modelled using a reservoir simulator incorporating fluid 
and coal properties, permeability data, and desorption characteristics (Gray, 1987b; Sawyer et 
al., 1987). Finally, flow from overlying or underlying seams or reservoirs may contribute to 
fluids influx requiring multi-layer modelling and an understanding of the degree of 
interconnectivity derived from joint or fault communication. 
Reservoir simulation of gas production from coal has developed from two-phase, “black oil” 
simulators adding time-dependent diffusion models and often depending on multi-planar, 
geometric, dual-porosity models (Warren and Root, 1963). Over time, models have evolved 
from steady-state, to unsteady state, then transient flow solutions to attempt to better describe 
the pressure behaviour of gas desorbing from the coal into the low-porosity, Darcy flow 
network representing the cleat or fracture network (Chase, 1977; King, 1985; Mavor and 
Cinco-Ley, 1979; Wicks et al., 1986; Zuber et al., 1987). Further, many commercial and 
research reservoir simulators can now effectively model compositional changes in gas based 
on adsorption of mixed gases, stress dependent changes in permeability and porosity, and 
physical changes in coal based on coal shrinkage (Chen et al., 2013; Law et al., 2002).  
The reservoir simulator chosen for analysis of the barrier placement in this research was 
GEM, an advanced, general equation-of-state, compositional, reservoir simulator (Computer 
Modelling Group, 2012b). It should be noted that Law et al. (2002) found that GEM 
preformed equally well to alternative simulators such as Eclipse 100, Comet 3, and SIMED II 
in comparative and more complex problem sets. GEM was chosen by the researcher based on 
its industry wide acceptance and ability to perform sensitivity and uncertainty analyses using 
the CMG add-on module, CMOST (Computer Assisted History Matching, Optimization and 
Uncertainty Assessment Tool). GEM with CMOST in the sensitivity or uncertainty analysis 
mode can run any number of user-defined scenarios to observe the effect of changes in input 
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parameter on outputs. Whilst almost all reservoir simulators can deterministically consider 
contributions from underlying or overlying seams or reservoirs, sensitivity and uncertainty 
modelling of their respective reservoir parameters and the extent and pressure behaviour or 
interconnectivity can also be modelled effectively in GEM with CMOST for cases warranting 
such complexities. 
2.4 HYDRAULIC FRACTURE MODELLING IN COAL 
Dimensions of a fracture can be modelled based on the rock mechanical properties of the rock 
as well as the fluid rheology, leakoff properties, injection rate and volume of fluid are injected 
into the fracture (Khristianovitch and Zheltov, 1955; Nordgren, 1972; Perkins and Kern, 
1961). Based on reservoir modelling, only a short radius, high damage (e.g., 10 m) fracture, is 
required to achieve the desired barrier effect within the reservoir model. Thus, the key factors 
of stress azimuths, propensity of critically stressed natural fractures, and favourable alignment 
to maximum directional permeability, all factors essential for planning and developing a long 
and conductive hydraulic fracture to increase productivity (Logan, 1988), are assumed to have 
secondary effects to placing an ineffective, short radius, and damaging barrier placement.  
To achieve an effective barrier, one would want the hydraulic fracture to fracture 
longitudinally along the wellbore and damage as many natural fractures as possible along the 
path of the wellbore. A short hydraulic fracturing propagating longitudinally along the 
azimuth of the near wellbore is virtually assured as a result of the naturally fractured 
environment and initiation mechanics imposed in the near wellbore region by the introduction 
of a horizontal wellbore (Deeg, 1998; Soliman et al., 1990; Weijers et al., 1994). In the case 
of coal, a propagating hydraulic fracture dilates and extends pre-existing natural fractures and 
cleats whether the fracture is critically stressed relative to the maximum horizontal stress 
(Jeffrey et al., 1992; Jeffrey et al., 1995; Jeffrey et al., 1998) and in one documented case the 
most unlikely angle to dilate, an intermediate direction of nearly 45-50° relative to the 
maximum horizontal stress (Johnson et al., 2010b). In this case described by Johnson et al. 
(2010b), the major criteria for dilation appeared to be the simply the intersection of 
unidirectional and open fractures along the face of a propagating hydraulic fracture in a highly 
elastic material, coal. This type of behaviour in clastics has been observed in laboratory 
studies of naturally fractured rock (Blanton, 1982). 
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In this research, GOHFER®, a planar 3D model (Barree, 1983) was used to simulate the 
placement of the hydraulic fracture or barrier in the coal reservoir. GOHFER® can take 
geophysical log data and process dynamic sonic data to estimate static material properties and 
reservoir parameters. Even without full wave form sonic data, rock mechanical parameters 
can be estimated within the petrophysical model of GOHFER® using correlations, inferences 
from other log measurements, or from surrounding wells (Mullen et al., 2007). 
2.5 HYDRAULIC FRACTURING DIAGNOSTICS 
2.5.1 Background of Hydraulic Fracturing Diagnostics 
History matching field observed bottomhole treating pressure (BHTP) data to the design, 
modelled responses when hydraulic fracturing in coal has been problematic and maintains a 
higher uncertainty than a comparative implementation of hydraulic fracturing diagnostic 
techniques in clastic reservoirs (Johnson, 1995; Johnson et al., 2010b; Palmer et al., 1989; 
Scott, M. et al., 2010; Zimmer, 2010). The primary techniques for calibrating a hydraulic 
fracturing model in clastics and coals have included:  
 history-matching the observed, field calculated, BHTP data during the treatment and 
comparing the data to model-predicted values;  
 implementation of surface and downhole microseismic monitoring to monitor and map 
shear events triggered indirectly by the hydraulic fracturing process;  
 sensitive surface deformation tiltmeters measuring patterns created by the volumetric 
displacement of rock by the propagating hydraulic fracture;  
 single or multi-isotope radioactive tracer injections with post-treatment spectral 
gamma ray logs potentially providing height or treatment progression;  
 post-frac sonic anisotropy logging showing stress cage changes and induced stress 
anisotropy created by the hydraulic fracture; and  
 pressure observation wells, PTA, PDA or reservoir simulation with or without isolated 
pressure observation wells that investigate the fracture conductivity (e.g., linear or 
bilinear flow characteristics) or changes in drawdown profiles relative to a non-
fractured well. 
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2.5.2 Bottomhole Treating Pressure (BHTP) Analysis and Fracture Complexity 
The first diagnostic applied to hydraulic fracturing in coals was the use of history matching 
the observed BHTP data, either measured or calculated, to those predicted from the pre-job 
simulations. Since the beginning of computers and the ability to rapidly calculated the data 
necessary to perform BHTP analysis (Hannah et al., 1983; Nolte, 1979; Nolte and Smith, 
1981), practitioners in coal stimulation have attempted to calibrate models using techniques 
and models developed from hydraulic fracturing in clastics. The only cases where these 
techniques have been successful is where there has been good definition of the rock 
mechanical properties of the underlying and overlying strata to the coal (Holditch, 1993; 
Johnson, 1995; Palmer et al., 1989); this condition allows history matching of BHTP and can 
provide qualitative indicator as to whether or not the propagating fractures are growing within 
or out of the desired coal intervals, based on the magnitude of the surface treating pressures.  
Oftentimes, the natural fracturing and near wellbore effects can cause fracture complexity and 
limit the applicability of this technique in multi-layered coals or highly-variable sequences 
(Barree and Winterfield, 1998; Cramer, 1992; Jeffrey et al., 1992; Johnson et al., 2000; 
Khodaverdian et al., 1991). This complexity has been verified from laboratory studies and 
minebacks of fracture stimulations done in advance of mining (Jeffrey, 1996; Jeffrey et al., 
1992; Jeffrey and Settari, 1998; Jeffrey et al., 1995; Penny et al., 1991). Further, it should be 
noted that even at very shallow depths, mineback studies noted simultaneous and well-
developed vertical and horizontal fracturing components, which were accompanied by 
observed closure stress and BHTP gradients well over the anticipated vertical overburden 
stress values. Therefore, treating pressure history-matching can be a relatively unreliable 
diagnostic without some corroborative evidence from another diagnostic technique. 
2.5.3 Single and Multi-Isotope Radioactive Tracers 
Besides BHTP analysis methods, the second most used diagnostic for coal hydraulic 
fracturing has involved the use of single and multi-isotope radioactive tracers. Single isotopes 
I-131 and Ir-192 have been used since the late-1960’s in hydraulic fracturing (Webster et al., 
1965). Radioactive tracing requires the distribution of a small amount of radioactive coated 
sand or constructed radioactive ceramic beads throughout the volume of sand pumped; 
distributing the material over the course of a job, allows a gamma ray detector to observe 
which perforations in a cased hole treatment were taking fluid and or sand (Anderson et al., 
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1986). Developments in spectral gamma ray logging tools have allowed the placement of any 
number of isotopes with differing gamma ray spectrum to be run at differing times of the job. 
Running multiple tracers over a job enables the practitioner to determine which proppant went 
into which perforations at which time and understand more of the progression of the treatment 
rather than just a ‘hot’ region estimating the overall fracture height (Anderson et al., 1986; 
Gacfeken and Smith, 1987; Hanson et al., 1987; Lopus et al., 1987; Williams, R. L. and 
McCarthy, 1987).  
One problem with radioactive tracers has been the inability to assure one is measuring the full 
fracture height, based on the limited radius of investigation by the tool (Smith et al., 1989). 
This can become compounded if a well trajectory deviates from the plane created by the 
vertically propagating fracture. If the fracture deviates from the wellbore, the degree of 
observed fracture height becomes limited to the window formed by the angle of deviation of 
the fracture from the wellbore and the tool’s radius of investigation (Pearson et al., 1992).  
Further, the effectiveness of radioactive tracers in coals is less than straightforward based on 
many factors. Firstly, multiple, small seams may be stimulated together resulting in small 
fracture heights whereby high fluid velocities can sweep earlier placed tracers away from the 
wellbore when multiple tracers are used (Hanson et al., 1987). Next complex geometry may 
lead to “T”-shaped or “H”-shaped fractures which can only be inferred by ‘hot spots’ at 
boundary planes, unless some other diagnostic can confirm the complex geometry (Johnson et 
al., 2003; Palmer, 1990; Palmer et al., 1993; Palmer and Kutas, 1991; Scott, M. et al., 2010).  
The co-application of sonic anisotropy logging with radioactive tracers can give a practitioner 
more confidence into total frac height and fracture irregularities. Research into sonic 
anisotropy logging has inferred vertical as well as radial fracture height by stress anisotropy 
created or induced by the hydraulic fracture at or near the wellbore (Scott, M. et al., 2010; 
Sinha et al., 2008; Sinha et al., 2011), where these data were corroborated by representative 
radioactive tracer responses. Recently, many operators have shied away from using 
radioactive tracers based on increased regulatory scrutiny and disclosure requirements 
associated with hydraulic fracturing, despite the isotope’s short half-lives and its safe and 
reliable deployment method. 
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2.5.4 Deformation Tiltmeters and Microseismic Monitoring 
The highest success in determining dimensions of the hydraulic fracture involves the use of 
surface deformation tiltmeters and microseismic monitoring; however, they are most effective 
when run in conjunction with each other so that all dimensions of the hydraulic fracture are 
accounted for in the history-matching process. For example, microseismic mapping has been 
done in coals but has largely been unpublished; it has been stated that often times that 
microseismic responses in coal are of low magnitude, total responses low, and spurious 
responses may occur above the intervals, based on fracture complexities and axially inducing 
strains across bedding planes (Barree, 2009; Barree et al., 2002; Hanson et al., 1987; 
Warpinski, 2009, 2010; Zimmer, 2010).  
Surface deformation tiltmeters have been available for over 30 years, but published cases 
regarding the use of them for coalbed methane, hydraulic fracture evaluation has been limited 
(Hanson et al., 1987; Johnson et al., 2003; Johnson et al., 2010b; Mayerhofer et al., 2006; 
Palmer, 1990; Stutz and Fisher, 2004; Stutz et al., 2002). In many tiltmeter cases in coals, the 
dilation of fractures and pressure transient effects could be misinterpreted as horizontal 
responses if dilation effects in coals are not reversed out (Palmer, 1990). The author noted 
from his research that it is only by a combination of these technologies that a clear picture of 
geometry is presented that can be reliably history-matched on BHTP in a hydraulic fracturing 
simulator (Johnson et al., 2010b). 
2.5.5 Pressure Observation Wells, Pressure Transient Testing, Production Data Analysis, 
and Reservoir Simulation 
Pressure observation wells, PTA, PDA, and reservoir simulation can all provide fracture 
diagnostics based on early analytical pressure transient solutions derived for finite and infinite 
conductivity vertical hydraulic fracture geometries (Russell and Truitt, 1964). In addition, 
during a treatment the pressure observation wells can be used to potentially observe the 
approach and intersection of a hydraulic fracture by a observing the characteristic pressure 
decrease predicted as the propagating fracture tip approaches the well then sudden increase to 
the minimum horizontal stress as the hydraulic fracture passes beyond the observation well 
(Branagan et al., 1998; Branagan et al., 1997; Jaeger and Cook, 1969). Over time, pressure 
observation wells can be used to characterise the direction and drainage area of the fracture by 
transient testing using interference principles between one or more observation wells (Mavor 
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and Robinson, 1993; Meehan et al., 1989; Pierce et al., 1975; Sawyer et al., 1980; Uraiet et 
al., 1977).  
Standard drawdown and buildup methods from within the treatment well can be used to 
characterise a hydraulic fracture but require either a pre-frac test or a bulk permeability of the 
seam to reduce the uncertainty in the analyses (Clarkson and Bustin, 2011; Jochen et al., 
1994; King et al., 1983; Ramurthy et al., 2002). PDA using analytical or numerical reservoir 
simulation can also be used to assist in characterising the transient region of production 
affected by the effective fracture area or stimulated reservoir volume. However, as the cleat 
and fracture system can also act as a secondary transient system to the hydraulic fracture, 
deriving hydraulic fracture properties can be relatively uncertain until changes in transient 
flows are observed or boundary dominated flow is firmly established (Chase, 1977; Clarkson, 
2013a, 2013b; Jones et al., 1985; Nimerick et al., 1990; Zuber et al., 1988).  
In summary, it is only by applying a number of hydraulic fracturing diagnostics in 
combination that a true picture of the created and resulting hydraulic fracture dimensions 
emerge, the key finding of three papers describing the various diagnostics used by the author 
in an extensive Surat Basin hydraulic fracture experiment (Johnson et al., 2010a; Johnson et 
al., 2010b; Scott, M. et al., 2010). 
2.6 APPLICATIONS OF BARRIERS AND FLOW MODIFICATION MATERIALS 
(FMM) 
2.6.1 Historical Barrier Applications in Engineering 
Grouting, or cementing, for flow modification, soil stabilisation, or fault stabilisation has been 
used in a number of engineering areas (e.g., civil, environmental, petroleum, and mining). The 
civil and environmental engineering disciplines used the term ‘curtains’ to describe flow 
barriers, whilst the petroleum reservoir engineering literature defines systems to alter flow as 
barriers. Hereafter, the author will standardise on the term barriers as the means to alter pre-
drainage subterranean flow in pre-drainage for coal mining.  
One of the most common uses of grout is in soil stabilisation due to liquefaction, where grout 
injections at matrix and fracturing rates have been used to stabilise soils for civil engineering 
purposes (Axelsson, 2006; Gallagher, 2000; Gallagher and Mitchell, 2002; Plaisted, 1974). 
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Further, grouting with and without natural fractures present have been proposed and tested for 
altering and managing flow of contaminant plumes in groundwater or contaminant 
management (Durmusoglu and Corapcioglu, 2000; Elektorowicz et al., 2008; Fouhy et al., 
1997; Hötzl et al., 2000). 
In reservoir and petroleum engineering, barriers have been placed to control gas or water 
leakage or breakthrough in areas of storage, initial production or secondary recovery 
processes, mostly involving gas or water egress into outlying reservoirs or unwanted influx 
into productive intervals. Grouting to manage leakoff or isolation is an integral part of 
managing pressure control in gas storage units; in these cases, wells with grout injections can 
be used to isolate sections of the reservoir (Tek and Wilkes, 1966) or to remediate leaky seals 
(Coats, 1966). In production related applications, most are directed at modifying vertical flow 
of water, or coning, in oil or gas reservoirs (Azari et al., 1997). In addition, there has always 
been a large use of cementatious grouts, chemical grouts, and polymeric treatments to 
selectively eliminate perforated sections in cased hole environments, from which undesirable 
water or gas influx may be entering the wellbore and negatively impacting the desired well 
productivity (Howard and Fast, 1950; Jurinak and Summers, 1991).  
Finally, in mining applications, grout injections at selective locations along the mine or roof 
works have also been used to manage localised gas and water influx (Daw and Pollard, 1986; 
Kipco, 1986; Kipko et al., 1984; Lama et al., 1982; Lushnikova, 1984; Monaghan and Trevits, 
2004; Oyler, 1984). 
2.6.2 Hydraulic Fracturing with Barrier Applications for Flow Modification in the Oil 
and Gas Industry 
The research in the placement of barriers using hydraulic fracturing placement and 
nonconductive materials to improve conformance in oil and gas, secondary recovery projects 
(water or gas floods) has been increasing since the author commenced this research. Recently 
the concept of creating horizontal water injection wells has emerged to improve the ‘sweep 
efficiency’ or recovery in water floods in oil reservoirs. In conjunction with this technology, 
the idea of creating non-conductive barrier fractures in producers or injector wells has gained 
momentum to improve the processes’ efficiency (East et al., 2011; Sierra et al., 2011; Soliman 
et al., 2012a). Recently, Halliburton Energy Services filed a patent describing the use of all 
manners of barrier fracturing treatments to improve ‘sweep efficiency’ or eliminate selective 
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fluid flow in order to improve the production of hydrocarbons in secondary oil and gas 
recovery projects (Soliman et al., 2012b). Halliburton’s research has been focused on the 
application of barriers to modify localised phenomena in oil and gas reservoirs, whilst this 
research is focused on large-scale implementation to affect a larger area’s pressure behaviour 
and improve mining engineering processes. 
2.6.3 Flow Modification Materials (FMM) 
There are several capable grouting materials that could be used to modify flow patterns in 
coal including: 
 cementatious materials (i.e., portland, microfine or ultrafine cements with varying 
blends of cement, bentonite, pozzolan fly ash, silica fume (Crouthamel and Daemen, 
1992; Ernst, 1999; Karol, 2003c); 
 colloidal solutions of sodium silicate with organic or inorganic reagents (Gallagher 
and Mitchell, 2002; Jurinak and Summers, 1991; Karol, 2003b); 
 organic polymers or resins (e.g., acrylic, phenolic, aminoplastic, polyurethane, etc.) 
(Bruce, 1997); and 
 Silicsol™, silica sol or silicate solution grouts formed by reaction between and 
activated silica solutions and a calcium activator (Axelsson, 2006; Bruce, 1997; Karol, 
2003a). 
In evaluating a potential FMM for a barrier placement, all researched solutions, other than 
cementatious materials and varying forms of silica, carry some environmental risk either in 
terms of toxicity of the polymer or chemical activator; this limits their use in mining 
applications where water bearing aquifers may be proximate or interconnected. Cementatious 
materials such as microfine cements are highly durable, used in mission critical areas such as 
radioactive waste isolation, and require less planning (Crouthamel and Daemen, 1992). The 
research also refers to both colloidal silica and cementatious materials as reducing the 
transmissivity of reservoirs from 30% to six orders of magnitude less than original values, 
based on field testing from tunnels, naturally fractures around dams, radioactive well disposal 
sites, and laboratory testing, respectively (Crouthamel and Daemen, 1992; Durmusoglu and 
Corapcioglu, 2000; Elektorowicz et al., 2008; Fouhy et al., 1997; Funehag and Fransson, 
2006; Manchester et al., 2001; Stille et al., 2012). Overall, the literature suggests that silica-
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based or cementatious materials would be the most logical solutions from an environmental 
standpoint to create a barrier in coal mining applications.  
There are several characteristics that make colloidal silica or silica solutions the preferred 
FMM for modelling the placement of the barrier. First, the materials are near-Newtonian in 
the early injection time (Figure 4) (Durmusoglu and Corapcioglu, 2000; McCartney et al., 
2011); further they demonstrate outstanding viscosity building, and thereby diversion and 
plugging characteristics. Next, colloidal silica or silica solutions are more dependable in 
setting characteristics than cementatious materials, and provide the desired control when 
matched with the proper pH in the placement environment (Bruce, 1997; Jurinak and 
Summers, 1991).  
 
Figure 4: Viscosity of colloidal silica based on % NaCl (by weight) for 1, 1.2, and 1.3% NaCl activation 
(Durmusoglu and Corapcioglu, 2000) 
Studies performed to-date on sand packs treated with colloidal silica solutions indicate 
increased strength, resistance to shear, and several orders of magnitude decreased hydraulic 
conductivity following treatments with colloidal silica with c. 1-1.3% NaCl, by weight 
(Figure 5) (Bolisetti et al., 2009; Gallagher, 2000; Gallagher and Mitchell, 2002; McCartney 
et al., 2011). 
 
 30 
 
 
Figure 5: Predicted hydraulic conductivity for sand pack treated with colloidal silica based on varying ratio of 
NaCl activator solution (Rd) prepared with 7, 10 and 13% NaCl (by weight) (McCartney et al., 2011) 
In variable pH environments where long-term stability is desirable, simple colloidal solutions 
of sodium silicate may undergo hysteresis over time and become compromised if no pre-
treatment is performed to reduce hysteresis (Bruce, 1997); in some cases, a carbon dioxide 
pre-treatment can be used to stabilise the silica species (Shimada, 1994). More recently, a 
material introduced in Europe in the 1980’s called Silicsol™, reported to be an activated silica 
liquor, uses a calcium activator and is reported to possess viscosity and penetrability profiles 
similar to sodium silicate, with no reported syneresis (Karol, 2003a). 
Finally, many coals often behave as aquifers and often have variability in salinity from low- 
to high-pH. Therefore, planning should be made to tailor any silica-based treatment, pre-
treatment, activator, or pH requirements to match the water characteristics of the mine over 
time as have been done in colloidal silica curtains for containment of brines in mine well 
cementation (Elektorowicz et al., 2008; Oyler, 1984). 
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2.7 BRIDGING THE GAP 
Hydraulic fracture modelling and the use of diagnostics in coalbed methane exploration and 
development has progressed integrating one or more diagnostic methods; the most recent and 
thorough example illustrating the full integration of models and diagnostics involved the 
author’s Surat Basin experimentation. This case highlighted the benefit gained by integrating 
a number of differing technologies to quantify the varying dimensions and aspects of a 
number of created hydraulic fractures in the Walloon Coals. Whilst the Walloon Coals in the 
Surat Basin are not pre-drained for underground mining, this was a case available to the 
researcher to study since 2004 (Johnson et al., 2006), then evaluate and develop the tools, 
concepts and basis for developing the workflows for barrier placement to be presented in the 
next chapter.  
The workflows and diagnostic planning for this experiment are an amalgamation of the 
author’s research of available diagnostic techniques, the prior experimentation in coal 
hydraulic fracturing and documented since the mid-1990s after a San Juan Basin experiment 
(Johnson, 1995; Johnson et al., 2003), and the author’s Surat Basin experimentation. In fact, 
the only other published coalbed methane case to approach the thoroughness of the Surat 
Basin experiment was the Gas Research Institute (GRI) Rock Creek Site, started in 1984, 
where a number of technologies were employed (Hanson et al., 1987). However, to further 
reduce uncertainty in understanding potential outcomes of the Surat Basin project, at least two 
technologies were used to evaluate each of the fracture dimensions and key data inputs, as 
well as more advanced computer modelling techniques to evaluate and integrate the data 
(Johnson et al., 2010a; Johnson et al., 2010b; Scott, M. et al., 2010). 
The Surat Basin project is included and detailed in my research to demonstrate the workflows 
by which a 1D mechanical earth model (MEM) and permeability model are constructed to 
determine critically stressed or more favourably oriented fractures, give insight into 
completion considerations, and provide necessary inputs for the hydraulic fracture design, 
execution and evaluation processes (Johnson et al., 2010a). Whilst this type of model and 
workflow were designed to place an effective, highly conductive, hydraulic fracture in coal to 
enhance production, the workflows can be adapted to placing a non-conductive barrier for the 
purposes of enhancing pre-drainage by creating a barrier to fluids influx.  
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After the 1D MEM and permeability model were established for the Surat Basin experiment, 
then the hydraulic fracture simulator was calibrated using a comprehensive series of tests and 
diagnostics including: multiple DFIT in varying layers; BHTP analysis techniques; isolated 
pressure observation wells; downhole microseismic monitoring; surface deformation 
tiltmeters; radioactive tracer logs; post-frac sonic anisotropy logging; and reservoir simulation 
(Johnson et al., 2010b; Scott, M. et al., 2010). These diagnostics verified the hydraulic 
fracturing model’s suitability to model coal hydraulic fractures and provided greater 
understanding and feedback to the 1D MEM and permeability model workflows. 
Unfortunately, in the Surat Basin experiment, the reservoir model could only qualitatively 
verify the inherent anisotropy in permeability created by the unidirectional fracturing. The 
resulting benefit of the hydraulic fracture conductivity did not create adequate production 
rates to warrant the operator, QGC, to continue production testing of the well outside a brief 
test, based on the low permeability of the coals in this area of the Surat Basin.  
Whilst fundamentals and application of reservoir modelling in coals have become more 
established and are more published in the context of modelling coal seam gas production. The 
application to mine pre-drainage design and evaluation has not developed at the same pace 
and little in the literature is noted regarding the incorporation of uncertainty modelling into 
the pre-drainage modelling process. As aforementioned, a contribution of this thesis is in 
describing a framework to evaluate the sensitivity of parameters and their influences on the 
final production distributions outcomes obtained from uncertainty analysis modules being 
developed in current, state-of-the-art reservoir simulators. 
Finally, whilst the author has investigated a number of FMM, colloidal or solution silica 
materials are the only currently and relatively environmental-friendly materials available for 
barrier placement in the coal mining environment. This is large gap and an important aspect 
for barrier placement as the incidence of freshwater aquifers and hydrodynamic 
interconnection of coals to broader aquifer systems is a major concern to stakeholders. 
Therefore, the use of non-toxic materials is essential to mining operations to belay 
environment concerns of stakeholders and maintain a social license to operate. Whatever 
colloidal silica system is employed in the actual barrier placement also needs an associated 
testing regime by which onsite measurements can be linked directly to laboratory based long-
term testing regimes. This will assure that long-term stability can be properly designed and 
implemented at the wellsite as well as belay environmental concerns with the FMM. 
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3. BARRIER PLACEMENT DESIGN 
3.1 INTRODUCTION 
This chapter describes the data acquisition, design, and modelling strategies that must be 
employed to design and model the placement of a permeability barrier to enhance pre-
drainage in coal using the process of hydraulic fracturing. These strategies are presented as 
workflows, based on the author’s research into results of past experiments performed in coal 
seam gas (CSG) well stimulation design, execution and evaluation; this includes the results of 
the well instrumented Surat Basin experiment, performed and documented during the course 
of the author’s research. As the author details the workflows that appear to be very similar to 
a typical hydraulic fracturing treatment, it is important to note key differences for a barrier 
implementation. These differences focus on enhancing processes that led to failures in past 
production well treatments and in particular the Surat Basin experiment; while those 
processes are detrimental to a typical frac treatment, they are essential to the process of 
achieving a successful and effective barrier placement.  
To highlight the differences between barrier placements and stimulating a coal interval to 
maximise productivity, it is important to first understand the desirable characteristics of a 
highly productive hydraulic fracture treatment in coal as opposed to those of an effective 
barrier placement. As described in Chapter 2, coal is a complex, low modulus material 
containing fractures, cleats and stored gas within a nearly non-porous media with permeability 
being affected by alignment of cleats and fractures to the principal stresses and net effective 
stress. A high performance hydraulic fracture treatment to enhance productivity from coal 
(Figure 6) is designed to: 
 use moderate to high injection rates to minimise total leakoff to natural fractures, 
minimise complexity, and create high-energy hydraulic fractures; 
 extend a singular, planar and continuous hydraulic fracture of maximum width; 
 use low- to highly-viscous, non-damaging fluids to transport increasing concentrations 
of proppant then return to the surface with little to no residual damage; and 
 establish a long, continuous, conductive fracture to improve productivity from as 
many existing cleats and natural fractures as it can effectively contact and connect to 
the wellbore. 
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Figure 6: Representation of created hydraulic fracture, natural fractures, and cleats with typical CSG treatment 
for production; face cleats and majority of natural fractures are assumed aligned with maximum horizontal stress 
Conversely, a barrier placement treatment is designed to enhance drainage by creating a 
permeability barrier around a desired drainage region in a reservoir (Figure 1), akin to a 
natural dike (Figure 7), and to achieve this purpose: 
 uses low injection rates to maximise near wellbore leakoff and attempt to sustain 
propagation of multiple low-energy hydraulic fractures; 
 creates as complex a hydraulic fracture as can be created near a laterally extending 
wellbore; 
 uses flow modification materials (FMM) that are initially and preferentially low 
viscosity fluids in order to dilate fractures and cleats then become permanently 
immobile and damaging; and 
 establishes a continuous region of very low permeability created by permanently 
damaging created hydraulic fractures, cleats, and natural fractures in the coal. 
To create this damaged environment, the process of placing a barrier in a coal mining 
environment requires more data and diligence in hydraulic fracture design, execution and 
evaluation than is typically used in CSG fracturing treatments for production enhancement.  
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Figure 7: Representation of created barrier fractures creating permeability blockage in natural fractures, and 
cleats; face cleats and majority of natural fractures are assumed aligned with maximum horizontal stress 
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3.2 METHODOLOGY AND WORKFLOWS 
3.2.1. Implementation Requirement of a Horizontal or Sub-Horizontal Well  
Installation of the ‘curtain’ or barrier is essentially modelled in the same manner as placing a 
conductive hydraulic fracture for reservoir stimulation with one difference– the fluid being 
pumped should provide an extensive, and continuous damage profile to the created fracture 
area around the wellbore. A horizontal wellbore, or sub-horizontal lateral, is the most 
effective conduit to place a generally longitudinal hydraulic fracture and it is the 
recommended strategy for developing barriers (Figure 8a). Prior to drilling the lateral, a pilot 
vertical well is drilled near the ‘heel’ of the lateral (i.e., the ‘heel’ is the area below the build 
in the lateral from vertical to horizontal and the ‘toe’ is the end of the lateral); this vertical 
pilot well provides valuable information to the final design of the barrier placement.  
It is recommended that the barrier is implemented in an open hole, lateral treated in stages or 
sections, each isolated by swellable, rubber packers at regularly spaced intervals along the 
well (Figure 8b). The FMM can be pumped either continuously or in stages along with any 
required pre-flush materials through selective ball-actuated, mechanical frac sleeves placed 
along the wellbore (Figure 8c) between the swellable packers. The pumping process would be 
a continuous process along the wellbore, dropping balls of increasing diameter to operating 
each sleeve until the entire volume of materials is pumped.  
This type of openhole completion provides more opportunity to access and potentially 
damage more cleats and fractures as natural diversion along the open hole section is more 
likely to occur as increasing BHTP is created by the propagating fracture. Alternative 
deployment or completion strategies are possible using either: mechanical or hydraulically 
operated, open hole packers; cased and cemented ball-actuated, mechanical frac sleeves; 
cased and cemented wellbores with shaped-charge perforations; or hydraulically cut holes or 
slots in the casing. All other completions have drawbacks.  
For example, pressurised or mechanically deployed, open hole packers can alter the near 
wellbore stress region and cause more singular, dominant fractures to form, based on 
increased hoop stresses created by the pressure of inflating or mechanical force used to set the 
packers at desired locations (Li et al., 2011; Roundtree et al., 2009).  
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(a) Side-tracked 1500 m lateral well with swellable rubber packers and twenty (20) ball-actuated frac 
sleeves (after Trident, 2013) 
 
 
  
(b) Weatherford tool operator calipering a 
Fraxsis® swellable, rubber isolation packer 
(Weatherford, 2011) 
 
(c) Depiction Weatherford ZoneSelect® ball-
actuated frac sleeves in operation during 
pumping (Weatherford, 2011) 
 
Figure 8: Proposed vertical pilot well with side-tracked 1500 m lateral well with swellable rubber packers and twenty ball-actuated frac sleeves 
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The creation of singular and less complex fractures limits the near wellbore exposure of 
natural fractures to the FMM; not a desirable condition for a barrier placement. Cased hole, 
hydraulically perforated or slotted, shaped-charge jet perforated, or cemented frac sleeved 
completions are regularly used in stimulating horizontal production wells; these types of 
completions focus the frac fluid at selective locations to create longer, transverse fractures at 
regular spaced intervals and provide more efficient fracture length and proppant placement 
(Deeg, 1998; Soliman et al., 2008; Soliman et al., 1990). Maximising hydraulic facture length 
is completely contrary to the process of a barrier placement, as the goal is to disperse the 
fracturing energy into complexity along the entirety of the wellbore and dilate, treat and block 
off as many natural fractures and cleats as possible. 
The presence of the horizontal wellbore inherently promotes the initial formation of a fracture 
propagating longitudinal with natural diversion occurring along the wellbore (Deeg, 1998). 
As cleats and fractures become dilated, horizontal and vertical fracture components are likely 
to occur and compound fracture complexity, increasing BHTP by stress back loading, and 
increasing pressure dependent leakoff (PDL), all beneficial to a barrier placement. As 
aforementioned, minebacks of fracture stimulations, previously done in advance of mining at 
varying depths and in varying stress regimes, all indicated creation of various fracture 
dimensions including vertical, horizontal, and azimuthally oriented fractures directly related 
to the strike of natural fracturing (Jeffrey, 1996; Jeffrey et al., 1992; Jeffrey and Settari, 1998; 
Jeffrey et al., 1995; Penny et al., 1991). Further, these studies indicate increased branching 
and stranding at fractures not perpendicular to the least principal stress are not desirable to 
maximise created length, but are desirable effects to increase the damage area for a barrier 
placement. 
Optimising well azimuth to create transverse fractures or reducing near wellbore fracture 
complexity, thereby lowering near wellbore pressures and prevent premature sand bridging as 
a result of near-wellbore tortuosity is desirable when stimulating horizontal wellbores to 
maximise fracture conductivity and productivity (Abass et al., 1996; Olson, 1995; Soliman et 
al., 2008; Zhongming and Economides, 1999). However, in barrier placement improper 
orientation to maximise fracture complexity, frequent ‘floor’ and ‘roof’ branching of the 
lateral, and undulating trajectories may all be required to achieve adequate vertical 
communication of the fracture within the seam or to better distribute the damaging materials 
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to all available natural fractures and cleats surrounding the wellbore region. This is another 
key difference to barrier placement, as opposed to typical hydraulic fracturing, and requires a 
good understanding of the localised orientation of stresses relative to natural fracture 
orientations; this will be described in more detail in this chapter.  
The following two sections outline the workflows to collect the necessary data for the barrier 
placement as well as the design and model calibration workflows specifically related to the 
hydraulic fracturing model calibration. Much of the data collection workflows will also 
supply the parameters needed to scope then evaluate the barriers effectiveness with a reservoir 
simulator. However, only those field and regional factors that would directly impact the 
placement of the barrier in a hydraulic fracture stimulator are addressed in this chapter’s 
workflows. Then, as the well is drilled, additional information is gathered and models can be 
calibrated with optimisation continuing into the actual execution of each stage of the 
placement.  
Workflows outlining the model calibration and design optimisation will be presented that 
provide the practitioner valuable signposts to gather data to review the existing model based 
on current information. Together, the broad workflows described for the Surat Basin 
experiment by Johnson et al. (2010a) (Figure 9) capture at a high level all the major 
components for a hydraulic fracturing treatment or barrier placement; however, there exists 
significant underlying differences in data requirements and implementation when applied 
towards achieving an effective barrier placement. 
 
Figure 9: Combined data collection with model and design calibration workflows as performed in Walloon Coal, 
Surat Basin experiment (Johnson et al., 2010a). 
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3.2.2. Data Collection Workflows 
The first workflow outlined in this chapter is designed to guide the practitioner in acquiring 
the data to define stratigraphy, permeability and stress within the zone of interest (Figure 10) 
in order to effectively design and model a barrier placement using a hydraulic fracturing 
simulator. Stratigraphic definition is necessary to develop the first deliverable of this 
workflow, which is a descriptive layer model to correlate the zones of permeability and define 
zones of potentially similar rock-mechanical properties. This is more important in a barrier 
placement than in a typical fracturing treatment since a barrier placement is a lower energy 
treatment and can be more affected by slight changes in mechanical properties within the coal. 
Further, this level of complexity must be accommodated in the grid block sizing used in the 
hydraulic fracturing simulator in order to manage the required level of discretization in 
layering. 
The workflow to develop this layered model description at the well and interval levels would 
include core descriptions, geophysical log data, and the integration of these data and is noted 
by processes in the left track of Figure 10. The level of layer detail is generally not at a 
uniform scale and is often a function of the rock-mechanical properties of the individual 
layers, the interconnection of joints and natural fractures, and the in-situ stress state. In coals, 
brightness profiles can serve as a proxy for changes in material properties and permeability as 
they reflect changes in the depositional environment that affect cleating and with further stress 
perturbations azimuths of potential natural fracturing (Dawson and Esterle, 2010; Esterle and 
Ferm, 1986). 
Permeability needs to be collected at a gross level for the target interval. As outlined in the 
previous chapter, these data are best determined by PTA, most often a DST, IFT or DFIT on 
the well, in multiple intervals, and in offsetting wells in the same intervals. While cleat 
spacing can be determined from core descriptions and studies, up scaling these localised 
features to gross permeability can be difficult on an isolated, individual well basis but can 
give insight when correlating intervals between wells or across a field (Dawson and Esterle, 
2010). Correlations to fracture density and permeability can also be made from resistivity log 
measurements once a field wide model is developed that is correlated to another permeability 
indicator such as production, well testing or micro-resistivity log data (Close et al., 1990; 
Rahim et al., 1995).  
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It was shown in Chapter 2, Figure 3, how micro-resistivity image log data can be integrated 
with sonic anisotropy log data to describe layers of potentially higher permeability and where 
targetable open fractures would exist. Similarly any log that gives indication of porosity 
relating to natural fracturing or permeability should be correlated and integrated at this point 
to derive axes of dominant permeability and potential anisotropy. Processes in the middle 
track in Figure 10 describe the integration of this data and the processes of ascribing it to 
layers. Then, once stress sensitive permeability (i.e., natural fracture opening) is identified by 
active testing such as IFT or DFIT, these data can be integrated and complete the necessary 
steps towards creation of the second deliverable of this workflow, an integrated permeability 
model. Whilst understanding bulk permeability is important to calibrate the performance of a 
CSG hydraulic fracturing treatment, understanding the scale of bulk permeability changes and 
particularly the azimuths of preferential permeability become important in a barrier placement 
as they affect the optimal vertical trajectory of the lateral wellbore and spacing of packers to 
achieve the desired coverage in each section of the lateral. 
Towards this goal, the last or right hand track in Figure 10 describes processes around the 
estimation of material properties required to derive a profile of h-min that can be assigned to 
layers within the seam, based on processes described in the previous two tracks. Whilst 
material properties can be estimated from dipole or cross-dipole sonic log data, as described 
in the previous chapter, the next step of estimating stress must come from direct 
measurements or correlation using sonic log data and a calibrated MEM from a well in the 
vicinity or from the vertical pilot well drilled prior to drilling the lateral. Once derived, these 
calculated stress data can then be layered, corrected for regional strains, and used to derive a 
minimum horizontal stress profile for the targeted and surrounding intervals; this process 
stream creates the third deliverable of this workflow a 1D MEM.  
Often PDL is observed in coal stimulations and can give insight into natural fracturing 
opening pressures and leakoff effects which can affect the overall dimensions of the hydraulic 
fracture (Barree, 1998). If the natural fracture orientation is known and fracture extension and 
closure pressures are discernible from injection pressures, these data can provide bounds to 
evaluate the maximum horizontal stress or H-Max (Nolte, 1991), and particularly if they are at 
an intermediate stress direction (Johnson et al., 2010a). In most 1D MEM, the H-Max is most 
often derived by history matching the incidence of drilling breakout based on mud weights 
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and rock failure criteria (Zoback et al., 2003). Once a PDL factor is obtained for each selected 
interval, then an integrated permeability model can be developed that includes permeability 
indicators, any values from well testing, and comparative magnitudes of pressure dependent 
permeability, all values that must considered when designing a barrier placement. This differs 
from the level of detail used in a typical CSG treatment as the final design injection rate for a 
barrier treatment must be adequate to maintain a low-energy, complex hydraulic fracture; still 
activate PDL to create a network of natural damage; but not create adequate BHTP to break 
out of the coal interval into bounding and non-productive layers of sandstone, siltstone or 
shale. 
Figure 11 details the 1D MEM completed during the Surat Basin experiment where this type 
of workflow was employed using targeted DFIT data acquired in intervals described by 
density, image and anisotropy log data either as: highly-cleated, open naturally fractured coal; 
poorly cleated, closed, or non-fractured coal; or bounding or interburden sandstone, siltstone 
and shales (Figure 3) (Johnson et al., 2010a). More importantly, using this MEM, the 
evaluation of the closure pressures from DFIT data, and the other diagnostics in this Surat 
Basin experiment clearly identified the extension and closure pressures associated with the 
normal stress (int) acting upon the plane of the dominant and unidirectional natural fracture 
set. These fractures were dilated and stimulated by the early low viscosity stages of the 
hydraulic fracture treatment and help bound the estimate of the H-Max.  
The importance of this observation was that despite a non-optimal orientation of the natural 
fracturing relative to H-Max, low viscosity fluids preferentially dilated and extended the 
natural fracturing as opposed to propagating a dominant fracture in the H-Max direction 
(Johnson et al., 2010b). This observation is important for barrier placement in that the FMM 
should demonstrate a low viscosity profile initially then increased viscosity after placement 
and as the fracture closes in order to damage more potential cleats and natural fractures and 
reduce the creation of a dominant and high efficiency (i.e., low leakoff), created fractures.
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Figure 10: Well and interval data collection workflow 
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Figure 11: Calibrated 1D mechanical earth model (MEM) from well and interval data collection workflow in Ridgewood 5 and 6, Walloon Coal Sequence, Surat Basin 
(Johnson et al., 2010a) juxtaposed with lithographic units of the Surat Basin (Scott, S. et al., 2007).
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3.2.3. Design and Model Calibration Workflows 
As discussed, the prior workflow was designed to focus on the data requirements for a barrier 
placement within a vertical well or within a segment of a horizontal or sub-horizontal lateral 
wellbore. Its deliverables are integrated stress and permeability profiles that allow a 
practitioner to design, execute, and then evaluate the hydraulic fracturing treatments, but only 
within the vertical context of the intervals from which the data are derived. These data must 
be integrated in the context of other field and well data to create a dataset that can be entered 
into a simulator and describe the properties along the entire length of the lateral. This is the 
purpose of the “Barrier Placement Design and Model Calibration Workflow” (Figure 12). 
This workflow consists of four tracks, the first middle two tracks (i.e., well data and interval 
data) integrate processes from the prior workflow with the collection of regional or field data 
(the left track) and integration with the injection data (right track) that provides the final 
calibration step and deliverables from the process. 
The initial two rows of this workflow focus on processes that describe seam continuity and 
heterogeneity as well as the interval’s lateral continuity. In the context of a barrier placement, 
lateral continuity is important to identify sections of continuous height within seams or 
segments of a seam that may require variances in the vertical trajectory to optimally initiate 
the barrier placement, based on stress and material properties. The processes flow from the 
first row, through the second row, then culminates in the first deliverable– a stratigraphic 
cross section identifying the layers and properties within each layer. Whilst this may give an 
indication of a continuous segment or unit that might be a target for a stage placement, the 
practitioner must continue in the workflow to integrate stress and permeability data into the 
decision process. Further subdivision of seemingly continuous segments may be necessary 
based on distribution of permeability or areas of higher stress within the interval. This is 
another difference form production well hydraulic fracturing where the increased volumes and 
injection rates are designed to efficiently override subtle changes within intervals with a 
singular, high-energy, propagating fracture and the placement of a conductive proppant pack 
to increase productivity.  
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Figure 12: Barrier placement design and model calibration workflow 
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The next three rows in this design and model calibration workflow use individual processes 
from the prior data collection workflow and integrate data from offsetting or regional sources 
to develop a lateral viewpoint of cleating, natural fracturing, jointing– areas that are naturally 
fractured and whose permeability is likely to increase under pressure during the barrier 
placement. From these data, a predicted stress and permeability profile can be developed and 
intervals for calibration can be identified for DFIT within the vertical pilot well drilled into 
the section and prior to ‘side-tracking’ the lateral well (Figure 8).  
More details on integration of data from the vertical pilot well will be noted in the section 
describing the “Onsite Barrier Placement Workflow” (Figure 13). Following a DFIT in the 
vertical pilot well to gain valuable stress and permeability data, an injection of the proposed 
FMM is recommended to record pumping and decline pressures associated with such an 
injection. This injection would also provide a valuable dry run for the quality control steps for 
the FMM that would be handled in the same manner for the lateral placements as for the 
vertical pilot well treatment. This is another difference between a CSG lateral well and barrier 
placement lateral– in virtually no case is the vertical pilot well used for a pilot injection as the 
scale of injection may intercept the potential lateral section and cause a drilling hazard. 
However, in a barrier placement scenario, this well is essential to pilot the fluid performance 
and model behaviour until an adequate number of barrier placements are performed in an area 
to gain adequate confidence in the process. 
Once, a DFIT and potentially a flow modification treatment has been performed, the pressure 
data can be history matched and a calibrated stress and permeability profile can be developed. 
As in the data collection workflow, the vertical pilot well should include a DFIT in the target 
seam as well as boundary intervals; a DFIT outside the seam assists in calibrating the 
magnitude of stress and can assist in identifying any residual tectonic strains affecting the 
vertical stress profile at that region of the field (Blanton and Olson, 1999). At this point of the 
process, seismic data would also be integrated and correlated, if available. This derives the 
second deliverable of this workflow, a detailed stratigraphic cross section incorporating 
permeability stress indicators from the vertical pilot and surrounding wells. One further 
calibration of this lateral model is recommended in the “Onsite Barrier Placement Workflow” 
in Figure 13. 
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Next, sensitivity cases with the hydraulic fracturing model would be run using the calibrated 
stress profile, permeability data and history-matched model parameters from the pilot well 
barrier treatment to define the approximate spacing of packers and relationships of treatment 
volumes and injection rates relative to created barrier lengths along the lateral. Logically, 
packers should be located where possible in areas of higher stress and greater wellbore 
stability to isolate regions of lower stress and higher permeability. If significant lateral 
variability exists between sections along the lateral, then it is also necessary to develop 
independent treatment volumes and injection rate relationships based on created length for 
each group of similar sections along the lateral.  
These sensitivity simulations produce the job sizing and packer spacing requirements to 
produce the third deliverable of the workflow, an integrated multi-stage horizontal well 
barrier placement procedure with well trajectory. This is derived from the sensitivity 
simulations based on: the optimal vertical placement of the initiation to cover the interval, the 
optimal spacing of packers to operationally manage a reasonable number of frac sleeves and 
stages (e.g., typically <25 ball/sleeve combinations, potentially multiple sleeves per 
ball/sleeve combination, etc.); and any required changes in vertical trajectory, packer spacing, 
treatment volumes, or injection rates based on changes along the lateral in layer thickness, 
stress, permeability, or material properties.  
A final consideration at this point must be made relative to the actual drilling programme 
composed of details on the bit and motor requirements, drilling mud properties, measurement 
while drilling (MWD) equipment, and logging-while-drilling (LWD) tools that should be 
included in the barrier placement process. Unlike a production well where the primary 
concern is formation damage minimisation, a barrier placement well design is focused on 
managing the wellbore stability to assure that minimal borehole breakout or drilling induced 
fracturing occurs, as these stress related features introduce a risk to post-drilling log 
acquisition and effective openhole packer swelling and sealing. Contrary to producing wells 
where underbalanced pressure conditions may be desirable to maintain natural productivity, in 
the course of the barrier placement it will be required to frac and further damage the wellbore 
so the following steps are recommended to maintain good drilling hydraulics and favourable 
downhole conditions in the near wellbore region. These steps include:  
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 maintaining an adequate mud system to maintain minimal invasion and degradable or 
polymer-based mud filter cake that is enzyme removable in order to preserve open 
fractures at the end of the process; 
 using mud tanks with good solids control systems and fluid level monitoring to allow 
minimal trip requirements and good understanding of any losses while drilling; 
 using measurement while drilling (MWD) systems for positioning and monitoring of 
balanced to slightly overbalanced downhole pressure conditions; 
 acquiring gamma ray and density log data using logging while drilling (LWD) tools; 
and 
 using commercially available, rig-based, real-time data collection and monitoring 
system. 
Once these processes and a detailed stratigraphic cross section incorporating permeability and 
stress indicators are complete, an integrated multi-stage horizontal well barrier placement 
procedure with well trajectory can be completed and the well drilled. After drilling, the data 
collected during drilling and changes in the design need to be integrated prior to deployment 
of the completion string. Ultimately, the final packer placements, treatment volumes and 
injection rates for any particular section or combination of sections must be reviewed again, 
based on lateral hole, calliper logs, material properties derived from openhole sonic logs, as 
well as MWD, and LWD data. The implementation of these processes is outlined within the 
next workflow. 
3.2.4. Onsite Barrier Placement Workflows 
The final workflows presented in this chapter are the actual workflows that would be 
implemented immediately following the drilling of the lateral well (Figure 13) and before 
running the completion, as well as those following (Figure 14) the deployment of the 
completion string. As with the other workflows, these have multiple streams: on the left track 
of each are the input models, deliverables and supporting activities; the centre tracks detail the 
integration of new data towards the final placement of the barriers in each section of the 
lateral; and the right tracks encompass the final model calibrations or adjustments based on 
observed pressures from DFIT or history-matching of FMM injections. Before proceeding 
into these workflows in detail, it should be noted that those steps in Figure 14 regarding DFIT 
and FMM injection and observed data integration would also be performed when a DFIT or 
 50 
 
FMM trial treatment are performed in the pilot vertical well, as described in the previous 
section. 
The starting point for the first execution workflow (Figure 13) is the detailed stratigraphic 
cross section, created in the last workflow, which will now be updated with the actual well 
trajectory from MWD, drilling observations, LWD and additional open hole log data. For 
example, any increased rates of penetration (ROP) or fluid loss data can be pinpointed back to 
specific locations using LWD and MWD data. With good drilling hydraulics and favourable 
downhole conditions it is envisaged that a full suite of logs can be acquired along the lateral 
using modern deployment technologies– pump down, drill pipe or tractor logging tool 
deployment. Standard gamma ray; neutron density; resistivity; micro-resistivity image; and 
monopole, dipole and cross-dipole logs can all be obtained in a standard 158.75mm drill size, 
capable of deploying a 114.3 mm outside diameter (OD) completion string, provided there is 
adequate drill hole integrity. Even if further log data is unachievable, the recorded MWD, 
drilling observations, and LWD data will allow the practitioner to correlation the well to the 
previously developed stratigraphic cross section.  
Once available log and drilling data is updated into the model, it is expected that minor 
changes in the location of packers or frac sleeves will be necessary. If log data is very 
different or if unanticipated changes in material properties occur as a result of new sonic data, 
then it may be necessary to revise the lateral stress profiles and redevelop treatment volume 
and injection rate relationships relative to created length for affected sections along the lateral. 
If calliper log data indicate longer sections between packers will be required relative to the 
original sensitivity models, then the additional treatment volume and injection rate 
relationships beyond the previous maximum used may be required. Once these assessments 
are completed, the first deliverable of this workflow depicted in Figure 13 is produced– the 
final multi-stage horizontal well barrier placement procedure based on the actual well 
trajectory.  
After this plan’s finalisation, the completion string can be deployed. The second execution 
workflow (Figure 14) relates to processes after deployment of the completion string. The first 
process is a model calibration step using a DFIT from the lateral ‘toe’ sleeve (i.e., open sleeve 
at the end of the lateral) to fine tune the stress model and make any leakoff model adjustments 
between the data observed from the DFIT and FMM injections from the pilot well.  
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Figure 13: Onsite barrier placement workflow before completion deployment 
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Figure 14: Onsite barrier placement workflow after completion deployment 
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Whilst this step is underway, quality control (QC) testing on the FMM will be performed by 
the contractor using onsite materials and any pre-flushes, activators, or connate water that 
may be required to assure the downhole performance and long term stability of the FMM.  
The requirement for extensive pre-job laboratory testing should not be understated. This 
testing should derive a comprehensive on-site procedure that will give clear indication in the 
field with mixing conditions as to long-term stability of the material based on that prior lab 
testing. As pH affects were noted in the earlier chapter as a key factor in colloidal silica 
stability (Bruce, 1997), all fluids undergoing testing require complete analysis to assure buffer 
capacities are in line with pre-job testing criteria. Further, the FMM may require a specific 
test with formation material should that affect buffer capacity.  
Based on the DFIT and applicable QC testing, the execution of the first stage of the barrier 
placement commences by the dropping of the smallest outside diameter (OD) ball in the 
sequence of frac sleeve balls, activating the first or smallest internal diameter (ID) frac sleeve, 
and either: an injection of a pre-flush followed by FMM or another DFIT is performed. The 
performance of an additional DFIT at this point of the job is dependent on the level of 
confidence in the model established by the DFIT performed at the toe; if pumped, the data can 
be re-evaluated, as the location differs from that of the toe, and model refinement can be made 
before proceeding to the injection of FMM. This may be especially important if the azimuth 
of the well differs from the planned trajectory or if tectonic stress is observed based on 
changes along the lateral.  
Once the first stage of FMM is pumped, then initial injection pressures are closely monitored 
before a decision must be made, depending on the quality of the observed pressure history-
match, whether to proceed to drop the next largest OD ball and immediately proceed to the 
next stage of FMM or to perform another DFIT prior to that stage. This process of continuous 
model and design improvement by referring and analysing observed data relative to the model 
should continue until all stages are completed. This process allows the practitioner to use 
observed data to improve the process by adjusting the design along the well.  
At the completion of the process, the well is shut in. Re-entry to drill out the balls and sleeves 
are possible if post-placement diagnostics indicate additional treatments are necessary. 
Subsequent treatments can be performed using the same completion string, provided a sleeve 
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system is deployed that can allow manual opening and shutting sleeves at a later time using 
coiled-tubing operations. 
3.3 SUMMARY OF DESIGN AND WORKFLOWS FOR BARRIER PLACEMENT 
As aforementioned, the detailed workflows may appear to be very similar to workflows used 
for designing and onsite implementation of a hydraulic fracturing treatment; however, it is 
important to note key differences between the level of detail and data required a for a barrier 
implementation relative to a vertical or a horizontal CSG frac treatment to enhance 
productivity. In a production well fracturing treatment, there is little harm in pumping excess 
volumes or rates to compensate for lack of information, or to perforate more sections than 
may be stimulated. However, in barrier placement, more information and precision in 
placement is necessary to assure a continuous and effective barrier along the wellbore. 
Before demonstrating a sensitivity analysis of a model for a barrier placement and the 
modelling of a proposed barrier placement strategy using a vertical well log example, it is 
good to again review and summarise the key differences between a CSG frac treatment and a 
barrier placement (Table 1). Barrier treatments are smaller, more precise and designed to 
maximise damage over a smaller created fracture area (e.g., an efficient fracture for 
production, Figures 15a and 15b, as opposed to more effective fracturing for barrier 
placement, Figures 15c and 15d) (Olsen et al., 2003); thus, more detail is required to design, 
execute, evaluate, and verify a barrier placement than a production well fracturing treatment. 
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(a) Efficient production well frac in low permeability, low anisotropy coal interval; 
this would be non-ideal for barrier placement 
 
(b) Efficient production well frac in high permeability, high anisotropy coal interval; 
this would be non-ideal for barrier placement 
 
(c) Moderately inefficient production well frac in low to moderate permeability, low 
to moderate anisotropy coal interval; this is more effective for barrier 
placement 
 
(d) Highly inefficient production well frac in moderate to high permeability, 
moderate to low anisotropy coal interval but ideal for barrier placement 
 
Figure 15: Models depicting efficient and inefficient hydraulic fractures for production contrasting inefficient and efficient fracturing for barrier placement (after Olsen et al., 
2003)
 56 
 
Table 1: Key differences between designs for hydraulic fracturing for production and barrier placement 
Design aspects Vertical well production frac Horizontal well production frac stage 
Vertical pilot well barrier 
placement 
Horizontal barrier placement 
stage 
Injection rates (bbl/min) >30 >35 <20 <30 
Treatment volumes (gal) 50,000 100,000 <5,000 <10,000 
Desired transverse fracture length (m) 
 
>100 
 
>100 
 
<20 
<20 
Transverse fracturing to dominant fracture 
or PDL Minimal Minimal Maximum Maximum 
Injection fluid 
Water or water-based fluids 
with biodegradable 
polysaccharides 
Water or water-based fluids 
with biodegradable 
polysaccharides 
Silica gels, synthetic non-
degrading polymers, microfine 
cementatious grouts 
Silica gels, synthetic non-
degrading polymers, microfine 
cementatious grouts 
Initiation fluid viscosity Low to highly viscous Low to highly viscous Low Low 
Main body of treatment viscosity Low to highly viscous Low to highly viscous Low Low 
Desired post-treatment return fluid 
viscosity (cps) Very low (<5) Very low (<5) Permanently immobile Permanently immobile 
Maximum particle size (mm) 
0.15 to 2.0 
(60 to 12 mesh US) 
0.15 to 2.0 
(60 to 12 mesh US) 
<0.05 (<270 mesh US) <0.05 (<270 mesh US) 
Vertical stress profile (inter-interval) Best practice Best practice Essential Essential 
Vertical stress profile (intra-interval) No No Best practice Best practice 
1D MEM Best practice Best practice Essential Essential 
Cleat and natural fracture orientation Best practice Best practice Essential Essential 
Cross section across lateral wellbore 
trajectory or treatment interval No Best practice Recommended Essential 
Well azimuth Vertical 
Direction Longitudinal: H-max  
Direction Transverse: h-min  
Vertical 
Choose azimuth that 
maximizes complexity and 
dilates fractures 
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Table 1: Key differences between hydraulic fracturing for production and barrier placement (continued) 
Design aspect Vertical well production frac Horizontal well production frac stage 
Vertical pilot well barrier 
placement 
Horizontal barrier placement 
stage 
Essential geophysical logs Gamma ray, density, neutron, resistivity 
Gamma ray, density, neutron, 
resistivity 
 
Gamma ray, density, neutron, 
resistivity, image log, cross-
dipole sonic 
 
Gamma ray, density, neutron, 
resistivity, image log, cross-
dipole sonic 
Optional geophysical logs 
 
Image log, dipole sonic, 
cross-dipole sonic 
Image log, dipole sonic, 
cross-dipole sonic   
Completion 
Cased, cemented and 
perforated or openhole 
(barefoot) 
(a) Cased, cemented with 
clustered perforations or 
sleeves  
(b) Openhole with 
mechanical, pressure-
activated or swellable 
packers and sleeves 
(a) Cased, cemented and 
perforated  
(b) Openhole (barefoot) 
Openhole with swellable 
packers and frac sleeves 
Perforating strategy (where applicable) Bracketed based on vertical stress profile (inter-interval) 
Bracketed based on vertical 
stress profile (inter-interval) 
Bracketed based on vertical 
stress profile (intra-interval) Not recommended 
DFIT Best practices Best practices  Essential Essential 
Pilot well treatment Not recommended Not recommended  Essential Essential 
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4. MODELLING BARRIER PLACEMENT 
4.1 INTRODUCTION 
To demonstrate the process to obtain the required volume, injection rate and packer spacing 
requirements for a barrier placement, the researcher will present sensitivity analyses of 
created length of a longitudinal barrier placement versus permeability, injection rates and 
fluid volumes using GOHFER®, a grid-based hydraulic fracturing simulator. These sensitivity 
analyses would be representative of the modelling processes described in the previous 
workflows (Figures 10 and 12) for the vertical pilot well following collection of log data. 
Whilst the previous workflows outlined and recommend a detailed data collection and 
integration process, currently most exploratory or drainage wells in coal mining areas do not 
have the extensive modern log sets adequate for such an implementation (e.g., micro-
resistivity image, dipole or cross-dipole sonic, etc.). 
A 500 m depth datum was chosen by the author to represent a potential depth range where 
both horizontal well drilling and hydraulic fracturing have been trialled in the Bowen Basin, 
by CSG producers, holding overlapping tenements, to pre-drain gas in advance of mining. 
Shallower and deeper than this depth range, studies in the Bowen Basin have indicated: both 
vertical and horizontal components are created; PDL is indicated; and wellbore shear events 
have been observed following hydraulic fracturing treatments (Badri et al., 2000; Jeffrey, 
1996; Jeffrey et al., 1992; Johnson et al., 2003; Morales and Davidson, 1993). These studies 
attribute observations to the formation of complex hydraulic fractures to: modulus contrasts; 
varying azimuths of natural fracturing; residual levels of tectonic stress between layers; and 
varying stress regimes based on localised features.  Whilst unfavourable for CSG well 
stimulation, these conditions are favourable for implementation of barrier placements.  
In researching the Bowen Basin as a potential area for implementation, the literature provides 
general details of reservoir pressures, gas contents, gas isotherms, cleat orientations, stress 
orientations and in some cases permeability values from DST analyses from wells in areas 
surrounded by mining. Further, published data from hydraulic fracturing experiments that 
have been mined and mapped, provide data to correlate log estimated properties. Therefore, 
the author has amalgamated as much data from these varied sources as possible and has noted 
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any assumptions derived from non-published data known to the author in Table 2; this dataset 
also used as the basis for evaluating the barrier placement with reservoir simulation in the 
next chapter.  
These following sections present the data and assumptions; model data input, processing and 
calibration; and resulting sensitivity analyses using various injection rates and fluid volumes 
of the proposed FMM, colloidal silica. A hydraulic fracturing simulator, GOHFER®, is used 
to generate a range of cases for the created length of a longitudinal barrier transecting an 
example coal interval varying permeability, injection rates and fluid volumes. The input stress 
profile uses material properties correlations internal to GOHFER®, which are based on a 
lithological model derived from the natural gamma ray and density logs; this model is more 
reliable in clastics than in coal, requiring coal values to be corrected to published data 
reported in other Bowen Basin hydraulic fracturing experiments (Badri et al., 2000; Jeffrey et 
al., 1992; Johnson et al., 2003; Morales and Davidson, 1993). 
4.2 DATA ACQUISITION AND INPUT 
4.2.1 Background 
As aforementioned, the hydraulic fracture simulator input properties are modified or user 
defined from: Grosvenor GM7 (formerly GMB01V) well, an open file CSG exploration well 
(Queensland, 2010), drilled near Moranbah; known Bowen Basin frac experiments (Johnson 
et al., 2003); and other published Bowen Basin frac experiments (Badri et al., 2000; Jeffrey et 
al., 1992; Morales and Davidson, 1993). Laterally, properties were entered into the hydraulic 
fracturing simulator on a layer-by-layer basis using the constructed log properties as uniform 
and isotropic along the length of projected trajectory of a lateral. Whist simplistic, the process 
of importation of more detailed or complex log data sets (e.g., obtained from either the 
vertical pilot well, the target lateral well, or a geological model cross section) is easily 
importable into a grid-based hydraulic fracture simulator like GOHFER®. Further, the 
simulator is capable of managing reservoir dip and other geologic phenomena (e.g., faults, 
pinch-outs, etc.) where the data can be defined along the lateral path of a proposed completion 
as a regular, 2D grid.  
Next, the process of performing the sensitivity analyses of fluid volumes and injection rates 
would remain the same once the grids are populated and defined from their log or geological 
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model sources. Fluid data for the proposed FMM, a colloidal silica solution, were based on 
literature values for viscosity, but leakoff values in those same sources were not relative, as 
they were based on unconfined sand studies. To establish values for leakoff, published, fluid 
loss data for Newtonian fracturing fluids were used to represent data the fluid loss data for 
colloidal silica. 
4.2.2 Rock Properties Data and Input 
As aforementioned, the base log dataset for evaluating the barrier placement was derived from 
the Grosvenor Field, GM7, open file CSG vertical pilot exploration well, drilled near 
Moranbah, which was targeting the Goonyella Middle (GM) and overlying seams (Figure A1) 
(Queensland, 2010). The log dataset acquired on this well was drilled to a total depth 
shallower than the proposed study datum (i.e., 500 m) and consisted of a minimal suite of 
gamma ray and bulk density logs, typical of logs taken in mining areas. This log was not 
intended for designing a horizontal well or hydraulic fracture treatment, as it contained no 
resistivity, neutron, shear or compressional sonic data to discretise permeability, porosity or 
dynamic mechanical properties within the seam, respectively.  
Any placement sensitivity analysis must be based on an input stress profile, which is 
dependent on the layer material properties and best estimated by dipole or cross-dipole stress 
anisotropy logs and calibrated using DFIT data from the targeted intervals. To obtain the 
necessary estimates for the rock mechanical properties to complete a model, the research used 
internal rock mechanical property correlations in GOHFER®, based on the gamma ray log and 
derived lithology models. GOHFER® has several models for estimating rock mechanical 
properties for various rocks, the most simplistic being the gamma ray, lithology based, 
correlation model; whilst simplistic this model has been proven effective in clastics (Johnson 
and Rodgerson, 1998; Mullen et al., 2007). However, without any data from laboratory testing 
or DFIT, these rock mechanical property correlations and their resultant h-min profiles can be 
misleading; as noted earlier, the author is concerned that a representative sample of material 
for mechanical properties testing can be obtained from 500 m for a composite, relatively 
compressible material like coal without maintaining bottomhole pressure conditions on the 
coal throughout the process.  
After entry and processing in GOHFER®, the Young’s Moduli predicted from the log-based 
model were higher than those observed by Jeffrey et al. (1992) during hydraulic fracturing 
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experiments for coals or sandstones at the German Creek Mine experiment and were adjusted 
to reasonably reflect those average values of 2.64 x 105 and 2.29 x 106 psi, respectively 
(Jeffrey et al., 1992). To more accurately reflect those values, model values were corrected for 
the coal using a ‘best-fit’ model (e.g., error minimisation using Microsoft Excel solver add-in) 
to match the coal values across the target intervals (Figure 16). The GOHFER® modelled 
values for the Young’s Moduli for the sandstone interval 2 metres above the coal were within 
2.7% of the values reported for sandstones by Jeffrey et al (1992), a difference easily 
explainable by varying depositional changes in sandstones. Therefore, the coal values from 
the history-matched coal model were manually adjusted in each coal section of the 
GOHFER® grids to match those observed at the at the German Creek Mine experiment, whilst 
the sandstones were left unchanged based on the higher degree of confidence in the 
GOHFER® model predicted values.  
In a pilot vertical hole, if bounding interval core could be obtained, then a similar ‘best-fit’ 
process can be performed for laboratory derived Young’s Moduli and Poisson’s Ratio data; 
then, the observed closure pressures from DFIT data can be matched to the minimum 
horizontal stress (h-min) profile and strain corrected, if necessary. This process of creating a 
calibrated vertical h-min profile for direct input into the simulator for both coal and clastic 
intervals and was best demonstrated by Johnson et al. (2010a) in the Surat Basin experiment 
(Figure 17). As no actual DFIT data in the coals are available, the log model predicted h-min 
profile was derived from the GOHFER® lithology model predicted Poisson’s Ratio data; then, 
a tectonic strain correction and associated PDL parameters were taken from other Bowen 
Basin cases (Badri et al., 2000; Johnson et al., 2003) (Table 2). These strain corrections were 
applied to the Young’s Moduli using an isotropic, uniaxial strain model to derive a tectonic 
stress component within the GOHFER® log processing model (Barree & Associates, 2013; 
Barree, 1998). 
Next, values were required for constants such as reservoir pressure gradient; overburden 
gradient; pressure dependent modulus, PDL and transverse fracturing coefficients; and 
reservoir fluid properties based on a water saturated coal system (Table 2). These values were 
either user defined or taken from published sources, as noted. Some of these values are used 
by GOHFER® to process the final log (Figure 18) from which the simulator samples at user 
defined vertical intervals to populate the grids for simulations. For the sensitivity analyses in 
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GOHFER® a 0.33 metre grid height was chosen with a 10:1 horizontal to vertical aspect along 
the transect of the lateral within the interval. Further the grid was asymmetric with the origin 
being the wellbore at the surface with 100 columns (330 m) extending before the heel and 
after the toe of the lateral for the 30 mD case and 133 columns (439 m) in the 300 mD case. 
The 0.33 metre vertical grid size was chosen to focus the sensitivity in the modelling towards 
assuring adequate vertical coverage by the barrier within the coal. In practice, the actual grid 
sizing should be based on physical length or height units representative of units within the 
depositional environment to assure proper up scaling of the geology. This actual grid sizing 
should be derived from the workflows relating to deriving a descriptive layer model for the 
barrier placement (Chapter 3, Figure 10).  
From the processed log, the effective porosity (PHIE) could either be based on the lithological 
model (e.g., sandstone, siltstone, shale) or input manually (e.g., coal) based on other input 
data. In this case, the GOHFER® lithological model was used to derive PHIE for 
sandstone/siltstone sequences, whilst coal values were input manually as the most likely value 
from a distribution of user defined values (Table 2), consistent with the data used in later 
reservoir simulation of the barrier placement. Figure 19 represents a typical grid 
representation of the input data in GOHFER® based on the degree of horizontal anisotropy 
and reservoir detail (e.g., fault definition, dip, etc.) and can be scaled or factored to match 
observed values (e.g., process zone stress, Table 2). The remaining input grids are detailed in 
Appendix A for the 30 mD case. 
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Figure 16: Illustration of ‘best-fit’ model to correct static Young’s Moduli for coal and comparison to bounding sandstone modelled values from Bowen Basin mineback 
experiment  
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Figure 17: Examples of calibration of calculated minimum horizontal stress profile to DFIT data from coal and clastic intervals in Ridgewood 5 and 6 wells, Surat Basin 
experiment modified after Johnson et al. (2010a)
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Table 2: Data used in log, grid and pumping schedule construction for sensitivity analyses 
Data Value(s) Source Method of input into GOHFER® 
Temperature (°C) 43 User defined Constant 
Reservoir pressure (psia) 656 500 m datum, 0.4 
psi/ft gradient 
(Reeves and 
O'Neill, 1989) 
Sampled from gradient curve  
Tectonic strain (strains) 150 User defined 
(Johnson et al., 
2003; Johnson et 
al., 2010a) 
Constant 
GOHFER® lithology model based 
on bulk density log (RHOB) cut-
offs (g/cc) and gamma ray (GR) 
values (API units) 
1.8 (RHOB-
Coal) 
2.65 (RHOB-
Sand) 
2.7 (RHOB-
Shale) 
<46 (GR-Coal) 
46-96 (GR-
Sand) 
>96 (GR-Shale) 
GM7 log data 
 
 
GM7 GR log data 
Sampled from GOHFER® 
processed log (Left track all logs 
and grids Chapter 3 and Appendix 
A: yellow = sandstone, grey = shale, 
and black = coal) 
Effective porosity 
sandstone/siltstone (PHIE, %) 
0.5-9.0 Processed from 
RHOB 
Sampled from GOHFER® 
Processed log based on Lithology 
model (Figure 19, Figure A2) 
Effective porosity coal (PHIE, %) 2.5 User defined 
values from a 
triangular 
distribution of 0.5 -
3.0 
Manually overridden coal grids in 
GOHFER® Processed log  
(Figure 19, Figure A2) 
Sandstone/siltstone permeability Calculated from 
Porosity (PHIE) 
 Sampled from GOHFER® 
processed log (Figure A3) 
Coal permeability (mD) 30 and 300 P70 and P99.9 
values of 
permeability 
distribution for 
reservoir 
simulation 
Manually overridden coal grids in 
GOHFER® processed log  
(Figure A4) 
Water viscosity (cps) 0.6144 Estimated 
(McCain, 1974) 
Constant 
Gas viscosity (cps) 0.12 Estimated 
(McCain, 1974) 
Constant 
Initial water saturation (%) 100 User defined Initial water saturation (%) 
Initial gas saturation (%) 0 User defined Initial gas saturation (%) 
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Table 2: Data used in log, grid and pumping schedule construction for sensitivity analyses (continued) 
Data Value(s) Source Method of input into GOHFER® 
Formation compressibility (psi-1) 5.0 x 10-5 GRI CBM Reservoir 
Engineering (Zuber, 
1996) 
Constant 
Water compressibility (psi-1) 3.41 x 10-6 Estimated (McCain, 
1974) 
Constant 
Gas compressibility (psi-1) 1.49 x 10-3 Estimated (McCain, 
1974) 
Constant 
Total compressibility (psi-1) 5.78 x 10-4 Calculated based on 
compressibility and 
saturations 
Constant 
Young’s modulus (106psi) 0.264 (Coal fit) 
2.285 
(Sandstone/ 
Siltstone fit) 
Processed in 
GOHFER® from 
lithology model  
Sampled from log ‘best-fit’ model 
used to correct static Young’s 
modulus based on data from 
Jeffrey et al., 1992 (Figure A5) 
Overburden stress (psi) 1641 User defined for 500 
m based on 1.0 psi/ft 
(3.281 psi/m) 
Sampled from gradient curve 
Biot’s constant 0.6-1.0 Processed in 
GOHFER® from 
effective porosity 
(PHIE) curve 
Based on the PHIE curve using the 
equation BiotsVertical = VBScale * 
PHIE VBPower, where VBScale = 1.0, 
PHIE = Effective Porosity (decimal), 
and VBPower = 0.1 (Figure A6) 
Poisson’s ratio 0.25-0.35 Processed from 
GOHFER® lithology 
model 
Sampled from GOHFER® log-
derived curve (Figure A7) 
Fissure opening pressure (psi) 82 (Coal) 
738 (Sands) 
Average values of 20 
to 236 psi in coals 
(Johnson et al., 2003) 
Manually adjusted coal grids to 
match average value in coal using 
0.545 factor (Figure A8) 
Process zone stress (psi) 150 (Coal) 
1447 (Sands) 
Processed from 
GOHFER® lithology 
model 
Sampled from GOHFER® log-
derived curve (Figure A9) 
PDL coefficient (psi-1) 7.0 x 10-3 Average from range 
of 5.0 x 10-3 to 8.9 x 
10-3 psi-1 (Johnson et 
al., 2003) 
Constant 
Transverse storage coefficient 
(psi-1) 
5.0 x 10-3 User defined 
(GOHFER® 
recommends similar 
magnitude value to 
PDL coefficient) 
(Barree & Associates, 
2013) 
Constant 
Modulus stiffness factor (psi-1) 0 User defined Constant 
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Bulk density (RHOB, g/cc) Young’s modulus (YMES, g/cc) Total stress (STRESS_TOTAL, psi) 
Gamma ray (GR, Units API) Poisson’s ratio (PR, dim) Process zone stress (PZS, psi) 
 Porosity (PHIE, decimal) Pore pressure (Pore_P, psi) 
 
 
Figure 18: Log section above and below the target coal seam depth corrected to MD datum of 500 m
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Figure 19: Detail of effective porosity (PHIE, decimal) grids used in GOHFER® model
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4.2.3 Rheological and Leakoff Data Input 
The next data requirement for the barrier placement workflow after developing a processed 
log to derive the simulation grids is to define and input the fluid rheological and leakoff 
properties in order to simulate an injection. Whilst viscosity data exists for the selected FMM, 
colloidal silica, the increasing viscosity versus time and fluid loss properties need to be 
defined differently as they are not typical of any of the standard fluids in the libraries of most 
commercial hydraulic fracture simulators. Typical fracturing fluids are non-Newtonian, shear-
thinning fluids, whilst the colloidal silica solutions are near-Newtonian and viscosity building 
over time (Durmusoglu and Corapcioglu, 2000). The viscosity data (Figure 20) was derived 
from a source (McCartney et al., 2011) that also contained leakoff data (Figure 21) and results 
of the effective reductions in permeability of sand packs post-treatment based on the 
application of colloidal silica (Figure 5). 
Evaluating and determining fluid loss characteristics of colloidal silica solution for entry into 
the GOHFER® simulator is not straightforward, but is manageable. McCartney et al. (2011) 
were able to define a fluid front and saturation profile in their sand pack studies (Figure 21); 
however, as these studies involved a loose pack of estimated high porosity sand, they greatly 
overestimate leakoff relative to the conditions of barrier injections into the subsurface, 
pressurised environment filled with relatively incompressible fluid (e.g. formation connate 
water). Some aspects of the methodology of these laboratory studies could certainly be 
adaptable to coal studies to understand cleat and natural fracture leakoff; however, in order to 
enter the leakoff characteristics to model sensitivities of treatment size in GOHFER®, fluid 
loss data from Newtonian fluids, generally viscous oils, containing silica flour were used in 
the simulator input (silica flour is a solid form fine-meshed silica, <0.053 mm or <270 US 
mesh) (Table 3) (Gidley et al., 1989). 
As aforementioned, colloidal silica solutions are unlike most fracturing fluids, which are non-
Newtonian, shear-thinning fluids, designed to have reduced viscosity over time as a result of 
addition of enzyme or oxidizing materials that affect the polymers. The data from Figure 20 
was taken for the 13% NaCl (Rd, by wt.) activated solution and inputted as a fluid viscosity 
profile into the GOHFER® simulator. As GOHFER® uses a Carreau rheological model to 
describe the time-dependent viscosity reduction that occurs over time in nearly all fracturing 
fluids with temperature and added viscosity reduction additives (Kramer et al., 1984). As 
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barrier treatments are small, localised and of short duration, the early time fluid behaviour can 
be ‘best-fit’ as shown in the GOHFER®, colloidal silica, fluid input screen fluid (Figure 22).  
 
Figure 20: Predicted viscosity for colloidal silica based on varying ratio of NaCl activator solution (Rd) prepared 
by 7, 10 and 13% NaCl (by weight) (McCartney et al., 2011) 
 
Figure 21: Predicted invasion front for colloidal silica in an unconfined sand pack based on varying ratio of NaCl 
activator solution (Rd) prepared by 7, 10 and 13% NaCl (by weight) (McCartney et al., 2011) 
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Visc (viscosity at shear rate, cps)    U0 (zero-shear viscosity, cps) 
n' (power law index, dim)     gL (shear rate,s-1) 
k' (consistency index, lbf.sn'/ft2)    Yp (yield point, lbf/ft2) 
 
Figure 22: Adaption and matching of early time viscosity data of colloidal silica data, after McCartney et al. 
(2011), into GOHFER® simulator Carreau rheological model input.  
By manually lowering the shear rate versus time, a best fit (Figure 22) could be obtained 
between the model (solid black line) with respect to the earliest time data and general trend of 
the viscosity increase (solid black squares) derived by McCartney et al. (2011), using the 
parameters of an early-time power law fluid. However, the model after reaching the zero-
shear viscosity (U0) will not accept further increasing to match the predicted viscosity values 
over the over zero shear horizontal trace. This is a drawback of the fluid model within 
GOHFER® that will need adaptation if the model is used to simulate larger treatments of 
Viscosity data points from 
Figure 19 (McCartney et 
al., 2011) 
“Best-fit” curve in 
GOHFER® model
Undefined 
Region 
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colloidal silica with larger time duration than those generally required (i.e., <100 min 
duration). 
Once the rock and any variable reservoir properties from logs or based on constants are 
imported into grids and the fluid properties are inputted into the model, then sensitivity 
analyses can be performed to evaluate the relationships of permeability, treatment volume, 
and injection rate in order to establish the packer spacing to perform a barrier placement. 
 
Table 3: Data used in modelling fluid viscosity and leakoff parameters for sensitivity analyses  
Data Value Source Method of input into GOHFER® 
Colloidal silica specific gravity 
(sgwater) 
1.26 Minimum of range 
from 30° to 42° 
Baume (Bruce, 
1997) 
Conversion to colloidal silica 
density, 78.59 lb/ft3 
 
Volumetric fluid change (slurry 
volume/clean volume) 
1.18 Based on required 
fine meshed silica 
flour added 
4lbm/gal water to 
achieve 1.26 
sgwater 
 
Entered clean fluid into model with 
4 lbm silica flour (<0.053 mm 
diameter, <270 mesh US) added 
per gallon fluid 
Viscosity of FMM Figure 22 Values for 13% 
NaCl (by weight) 
activated colloidal 
silica (McCartney 
et al., 2011) 
 
Early time values adapted after 
McCartney et al. (2011) and 
entered into GOHFER® Carreau 
model 
CI or compressibility fluid loss 
coefficients (psi-1) 
Model default Fluid properties 
above 
Calculated internally in the model 
based on fluid saturation and 
compressibility values 
 
CII or mobility fluid loss coefficient 
of leakoff fluid (psi-1) 
Model default Not applicable as 
no appreciable 
matrix  
 
Calculated internally in the model 
based on viscosity of water 
CIII or wall building fluid loss 
coefficient (psi-1) 
1.3 x 10-3 Based on 
Newtonian frac 
fluids containing 
silica flour (Gidley 
et al., 1989) 
 
Constant 
Spurt loss volume 
At 1 md, 1000 psi (gal/ft2) 
At 1000 md, 1000 psi (gal/ft2) 
 
5 
30 
User defined 
values relative to 
Newtonian frac 
fluids with silica 
flour fluid loss 
additive (Gidley et 
al., 1989) 
Applied to coal grids encountered 
by fracture as a function of 
permeability 
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4.3 MODELLING AND ANALYSES  
4.3.1 Overview 
This section evaluates the volume and injection rate relationships to created barrier length and 
provides the design basis for spacing the openhole packers on the lateral. After developing 
these relationships based on sensitivity analyses, the GOHFER® simulator will be used to 
simulate an actual job and resultant profiles based on the spacing and injection rates derived 
from the sensitivity analyses. These simulations will progress along the lateral transecting the 
6m coal seam using packers and sleeve injection points spaced from the end of the lateral, or 
‘toe’, in a manner to give continuous coverage to the “heel”, or departure of the wellbore from 
the coal seam towards the vertical section of wellbore through the deviated or “build” section 
of the well, and provide continuous coverage by varying packer spacing, injection rate or 
volume as required. The actual spacing of packers and sleeves would be determined by the 
design workflows (Figures 12 and 13) that determine the required number of intervals for 
which sensitivity analyses must be performed. 
As aforementioned and noted in Table 4, the permeability values, 30 and 300 mD, were 
evaluated in these simulations to represent mid- and high-permeability cases from the 
distributions investigated in the reservoir modelling, or Chapter 5. All other grid block values 
between the 30 and 300 mD cases remain the same except for the manual overriding of the 
respective permeability for each GOHFER® case. While porosity may be a dependent variable 
on permeability, it was not varied in these cases from the most likely porosity value, as the 
respective component of total leakoff factor governed by porosity becomes relatively 
unimportant in terms of viscous fluid leakoff into porosity filled with a relatively 
incompressible fluid (i.e., formation connate water). This would need to be adjusted and 
considered more rigorously in cases where there exists significant free gas saturation based on 
overpressure or an average reservoir pressure below the desorption pressure.  
4.3.2 Sensitivity Analyses Matrix 
The range of permeability values, 30 and 300 mD, used in these sensitivity analyses were 
taken from 70th (P70) and 99.9th (P99.9) percentile probability values from permeability 
distributions that will be evaluated in the reservoir simulator for barrier effectiveness and 
represent mid- and high-permeability cases (i.e., a user defined permeability distribution, 
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based on truncated log-normal distribution: minimum value 1 mD, maximum value 400 mD, 
mean value 20 mD). Varying the rates and volumes will create ranges of longitudinal fracture 
lengths to derive the swellable packer and frac sleeve spacing. The matrix of injection rates 
(bbl/min) and volumes (bbl), outlined in Table 4, were used to evaluate and determine the 
ranges of created lengths. 
 Table 4: Matrix of permeability values, rates and volumes used in sensitivity analyses 
Permeability (mD) Rates (bbl/min)  Slurry volumes (bbl) 
30 15, 20, 25 112, 167, 223, 336 
300 25, 30, 35 112, 167, 223, 336 
4.3.3 30 mD Sensitivity Analyses 
The 30 mD case represents the upper end of the mid-permeability range or the P70 value from 
the permeability distributions that will be evaluated in the reservoir simulator for barrier 
effectiveness (Chapter 5). The varying rates and volumes were run in the simulator and each 
treatment predicted a created length along the lateral. In all cases to achieve the fluid density 
and solids fraction representative of a colloidal silica fluid (i.e., an equivalent 4 lbm/gal, 
<0.053 mm diameter, <270 mesh US silica flour was added as a proxy for the silicate semi-
solid materials).  
Figure 23 shows the injection rate (bbl/min), surface and bottomhole proppant concentrations 
(i.e., lbm/gal added proppant per gal fluid as a density proxy), calculated surface and 
bottomhole pressures (psi) versus elapsed time output from the simulator for the 30 mD 
permeability, 168 bbl volume, and 20 bbl/min injection rate case. In each 30 mD case, the 
simulator indicated a barrier was created with height successfully achieved from top to bottom 
of the seam; however the created length and barrier width profiles varied in many cases as a 
function of height, as observed in Figure 24. The barrier width profiles generally show 
increasing width around the perimeter of the created barrier. This could be the result of 
gaining additional width as a result of increasing viscosity of the based fluid or bridging and 
ballooning in the fracture as a result of fluid spurt loss and concentration of solids. At the 
conclusion of the job, very high bottomhole proppant concentrations (i.e., <270 mesh 
proppant used as proxy for colloidal silica solids fraction) were noted in Figure 25 and the 
simulator indicates fracture closure on solids shortly after completion of pumping. 
Similarly, for each injection rate and volume case the minimum created length of discernible 
width (e.g., based on the colour scale, Figure 25) was recorded and the created length (m) 
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plotted as a function of volume for injection rate (Figure 26). This figure shows that after a 
reaching a rate that is adequate to counter leakoff, as a function of permeability and barrier 
area, BHTP increases and PDL begins to affect further length development unless injection 
rate is further increased, potentially risking fracture break-out from the desired interval zone. 
In this case, the PDL is affecting cleats and natural fractures and is somewhat desirable; thus, 
a value from a higher range of injection rates is desirable (i.e., 20 bbl/min). After determining 
an injection rate, a spacing for swell packers and frac sleeves needs to be determined that is 
operationally achievable with some reasonable volume contingency (e.g., >30% excess). For 
a 1500 m lateral length with 25 working sleeves, a created barrier length of 60 m is required 
and manageable. Based on Figure 27, this would require a FMM slurry treatment volume of 
approximately 94 bbl to be pumped for each individual 60 m section of the lateral. 
 
Figure 23: Anticipated surface and bottomhole pressures for the 30 mD permeability, 168 bbl volume, and 20 
bbl/min injection rate case (note that surface and bottomhole proppant concentrations overlap at 4 lbm/gal)
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Figure 24: Created barrier width profile for a 128 m created length barrier for 30 mD permeability, 168 bbl volume, and 20 bbl/min injection rate case 
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Figure 25: Calculated proppant concentration (lbm/ft2, a proxy for silicate semi-solid materials) for 30 mD permeability, 168 bbl volume, and 20 bbl/min injection rate case 
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Figure 26: Created barrier length as a function of injection rate and volume, 30 mD cases
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4.3.4 30 mD Barrier Placement Simulation 
Based on the prior sensitivity analyses and the physical limitations on the total number of 
sleeves, a choice of a 60 m spacing would be adequate for a 1500 m lateral and would use 25-
stages with increasing frac sleeve sizing, each isolated by swellable packers (Figure 27). The 
actual multi-stage, barrier placement designs can be modelled in GOHFER® as a continuous 
treatment to evaluate the coverage and effectiveness in providing a barrier across the entire 
lateral, using the same input grids used in the sensitivity analyses. As aforementioned a 94 bbl 
slurry volume being pumped at 20 bbl/min injection rate was the basis for placement design; 
this volume would result in a 35% volume excess or a 30% created length excess beyond the 
necessary 60 m frac sleeve spacing, or desired interval of barrier stage coverage. 
 
 
Figure 27: Proposed 60 m spacing of 25 frac sleeves and stages across 1500 m lateral wellbore 
True Vertical Depth (m) 
Horizontal Offset (m) 
 80 
 
As in the sensitivity analyses, a volume of 4 lbm silica flour (<0.053 mm diameter, <270 
mesh US) was added per gallon of fluid as a proxy for the silicate semi-solid material 
contained in the colloidal silica fluid. Figure 28 shows the injection rate, proppant 
concentration (e.g., lbm/gal, density proxy), and calculated surface and bottomhole pressures 
versus elapsed time (i.e., minutes) output for the simulation of 25 stages of 94 bbl volume 
pumped at 25 bbl/min in a 30 mD permeability case for a 1500 m lateral within a 6 m coal 
seam. 
Whilst vertical barrier placement appears to be adequate, there are significant areas of barrier 
non-coverage noted along the toe in the vicinity of the first three stages of the placement as 
indicated by regions of reduced barrier width (Figure 29). Based on this output, the next step 
is to increase volumes or rates in the early stage to counteract leakoff and improve coverage. 
Whilst both rate and additional volume can be used as adjustments, the researcher has 
generally observed a higher propensity for height growth (as indicated by decreasing BHTP 
versus time) when increasing rate rather than increasing volume in coal hydraulic fracturing in 
CSG production wells. 
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Figure 28: Anticipated surface and bottomhole pressures for a 25 stage, 94 bbl volume, and 20 bbl/min barrier 
placement treatment along the 1500 m lateral section (note that surface and bottomhole proppant concentrations 
overlap at 4 lbm/gal) 
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Figure 29: Created barrier width profile for a 25 stage, 94 bbl volume barrier placement treatment at 20 bbl/min 
injection rate along the 1500 m lateral section 
Therefore, the first three stages of the treatment were increased by 33% to 125 bbl and then 
rerun on a similar 20 bbl/min rate profile. This minor change in volume maintained 
manageable injection characteristics (Figure 30), improved the created barrier width profile 
(Figure 31), and created adequate solids distribution (Figure 32) along the desired 1500 m of 
barrier placement within the 6m coal seam. 
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Figure 30: Anticipated surface and bottomhole pressures for a 25 stage (3 - 125 bbl and 22 - 94 bbl volume) 
barrier placement treatment at 20 bbl/min injection rate along the 1500 m lateral section (note that surface and 
bottomhole proppant concentrations overlap at 4 lbm/gal) 
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Figure 31: Created barrier width profile for a 25 stage (3 - 125 bbl and 22 - 94 bbl volume) barrier placement 
treatment at 20 bbl/min injection rate along the 1500 m lateral section 
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Figure 32: Calculated proppant (solids) concentration for a 3 - 125 bbl volume at 25 bbl/min and 22 - 94 bbl 
volume at 22 bbl/min injection rate staged barrier placement treatment along the 1500 m lateral section 
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4.3.5 300 mD Sensitivity Analyses 
The 300 mD case represents the high end of the high-permeability range or the P99 value 
from the permeability distributions that will be evaluated in the reservoir simulator for barrier 
effectiveness. The varying rates and volumes were run in the simulator and each treatment 
predicted a created length along the lateral. As in the previous case, to achieve similar fluid 
density and solids fraction to a colloidal silica fluid an equivalent volume of 4 lbm silica flour 
(<0.053 mm diameter, <270 mesh US) was added per gallon fluid as a proxy for the silicate 
semi-solid material. Figure 33 shows the injection rate, surface and bottomhole proppant 
concentration (e.g., density proxy), calculated surface and bottomhole pressures versus 
elapsed time output from the simulator for a 300 mD permeability case where 168 bbl slurry 
volume is pumped initially at 22 bbl/min then increased to 30 bbl/min injection rate. 
 
Figure 33: Anticipated surface and bottomhole pressures for the 300 mD permeability, 168 bbl volume, and 30 
bbl/min injection rate case (note that surface and bottomhole proppant concentrations overlap at 4 lbm/gal) 
Model required short <25 bbl/min 
stage at injection rates >25 bbl/min) to 
reduce numerical instability 
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A short intermediate rate step was required at rates >25 bbl/min to manage a numerical 
instability in the GOHFER® model, caused by initiating at high rates with the viscous FMM. 
In an actual field application, the actual operational rate would be stepped manually in c. 10 
bbl/min increments as pumping equipment were brought on-line until final rates were 
achieved. 
Unlike the previous case where created barrier lengths remained variable but largely 
symmetrical along the barrier height, there is a significant difference in created length along 
the height of the barrier placement with changing injection rate for the 300 mD cases. For 
example, the lowest evaluated injection rate (25 bbl/min) creates a narrow barrier towards the 
top of the interval (Figure 34) as compared to a similar sized treatment at 30 bbl/min (Figure 
35). 
 
 
Figure 34: Created barrier width profile for a 73 m created length barrier for the 300 mD permeability, 168 bbl 
volume, and 25 bbl/min injection rate case 
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Figure 35: Created barrier width profile for a 85 m created length barrier for the 300 mD permeability, 168 bbl 
volume, and 30 bbl/min injection rate case 
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Whilst the created length profile did improve more by increasing the volume 33% at 25 
bbl/min, it still remains asymmetric in length along the height of the barrier until the rate is 
increased to 30 bbl/min (Figure 36), achieving the desired outcome. This shows the 
importance of performing the sensitivity analyses on a matrix of rates and volumes and also 
demonstrates cases where it is necessary to increase rate to gain more consistent length 
profiles (i.e., barrier coverage) along the entire barrier height. 
As with the 30 mD cases, for each 300 mD injection rate or volume case the minimum created 
length of discernible width (e.g., based on the colour scale, Figure 26) was recorded and the 
created length plotted as a function of volume for each injection rate (Figure 37). This figure 
shows that after a reaching a rate that is adequate to counter leakoff as a function of 
permeability and barrier area, BHTP increases and PDL begins to become counterproductive 
to further length development unless rate is further increased, potentially risking breaking out 
of zone.  
As aforementioned in Chapter 3, some PDL is desirable to affect cleats and natural fractures; 
thus, the next highest injection rate of 30 bbl/min is recommended as an initial modelling step 
for the 300 mD barrier placement. Once an intervals mechanical spacing is set, the primary 
means for a practitioner to achieve better coverage is by varying the individual stage volumes 
or rates. 
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Figure 36: Created barrier width profile for a 119 m created length barrier for the 300 mD permeability, 224 bbl 
volume, and 30 bbl/min injection rate case
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 Figure 37: Created barrier length as a function of injection rate and volume, 300 mD cases
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4.3.6 300 mD Barrier Placement Model 
As in the 30 mD case, it is necessary to determine the spacing for swell packers and frac 
sleeves that is operationally achievable and injection volume that includes a reasonable 
volume contingency (e.g., >30% excess). As aforementioned, a 30 bbl/min injection rate is 
the recommended initial step for evaluating a full lateral placement design in this case. The 
wellbore schematic is the same as described for in the 30 mD case, represented in Figure 27.  
For a 1500 m lateral length with 25 working sleeves, a created frac length of 60 m is again 
required and operationally manageable. Based on Figure 37, this would require a minimum 
treatment volume of 97 bbl per stage, and uplifting a contingency of a 33% volume excess 
would create an initial slurry volume for modelling of 130 bbl. The created barrier width 
profile for a 25-stage barrier placement treatment using 130 bbl volume at 30 bbl/min 
injection rate along a 1500 m lateral section in a 6 m coal seam is pictured in Figure 38. 
As with the previous 30 mD case, the initial stage appears to be irregular in created length 
around the toe of the lateral, but unlike the 30 mD case is internally consistent from that stage 
onward. To assure better length coverage at the toe, the first stage volume was increased by 
50% to 195 bbl, which improved barrier coverage in that region of the wellbore. The 
simulator indicated pressures were manageable (Figure 39), 30 m of increased created length 
in the toe region was successfully achieved (Figure 40), and the resultant solids 
concentrations were consistently high (Figure 41).  
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Figure 38: Created barrier width profile for a 25 stage, 130 bbl volume barrier placement treatment at 30 bbl/min 
injection rate along the 1500 m lateral section 
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Figure 39: Anticipated surface and bottomhole pressures for a 25 stage (1 - 200 bbl and 24 - 130 bbl volume) 
barrier placement treatment at 30 bbl/min injection rate along the 1500 m lateral section (note surface and 
bottomhole proppant overlap at 4 lbm/gal concentrations) 
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Figure 40: Created barrier width profile for a 25 stage (1 - 200 bbl and 24 - 130 bbl volume) barrier placement 
treatment at 30 bbl/min injection rate along the 1500 m lateral section 
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Figure 41: Calculated proppant concentration, proxy for silicate semi-solid materials, for a 25 stage (1 - 200 bbl 
and 24 - 130 bbl volume) barrier placement treatment at 30 bbl/min injection rate along the 1500 m lateral 
section 
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4.4 SUMMARY 
Both the 30 mD and 300 mD barrier placement modelling indicated some difficulty in 
assuring good lateral toe coverage without increasing volumes in the first (i.e., 30 and 300 md 
cases) and potentially additional early stages (i.e., 30 mD case). To mitigate potential gaps in 
barrier placement coverage, it is recommended that barrier placement wells be placed as 
closely ‘toe-to-toe’ as possible, potentially overlapping toe sections, within safe drilling 
tolerances. This placement will maximise the potential of achieving complete continuity of 
the barrier placement from one lateral to the next around the perimeter of the drainage area. 
Unfortunately, two independent, simultaneous well fracture simulations cannot be modelled 
to review interaction and best placement of the wells based on the limitations to one well in 
this version of GOHFER®. This is an area for future research and potential laboratory 
experimentation to understand interferences between two wellbores where simultaneous coal 
barrier placements are being pumped. 
As noted in the sensitivity analyses (Figures 26 and 37), the created length dimensions were 
largely a linear function of volume for each case and are likely to exhibit more uniformity 
than may occur should properties vary vertically and laterally along each section of a 
proposed lateral well placement. This underlines the point that the logs and lack of anisotropy 
used in these analyses created a relatively simplistic, isotropic case with most parameters 
relying on estimations and generalised lithological models to derive adequate data to perform 
the sensitivity analyses. Certainly, more complex or anisotropic geological models would be 
the norm rather than the exception; thus, it would be necessary to determine and extract 
adequate information regarding individual intervals along the lateral to determine intervals 
where separate sensitivity analyses need to be performed as a result of geological properties. 
As aforementioned, the actual volumes, injection rates, spacing of packers and sleeves would 
be determined by individual sensitivity analyses for each differing section of the lateral, based 
on the design workflows (Chapter 3, Figures 12 and 13) and would likely not be equally 
spaced as were these examples. 
Prior to actual implementation of a barrier placement, a thorough characterisation of viscosity 
and leakoff data, with the final formulation of FMM, would be required in a properly 
equipped hydraulic fracturing fluids laboratory. It is important to use representative samples 
(preferably actual samples) of the materials to be employed in the field, in order to develop 
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the parameters required for input into most hydraulic fracturing simulators. As noted in 
Chapter 2 regarding FMM formulations, soak solutions may be also be required either pre-
placed along the lateral when setting up the completion, or pumped as pre-flushes before each 
stage of FMM, in order to maintain long term stability of the FMM. Multiple stages and any 
sequence of fluids are easily input and managed in the simulator pumping schedule along with 
the frac sleeve ball drops. It is important to develop representative testing methods that 
incorporate the interaction with formation material to assure the desired FMM performance is 
achieved and that test conditions adapt to the testing observations. 
A recent example study, in which the author participated, involved matching surfactant and 
clay stabilising additive concentrations necessary for a shale treatment and demonstrates the 
level of detail, understanding and complexity that may be involved in developing a testing 
regime to assure FMM performance (Crane et al., 2013). In this example using shale (e.g., a 
highly surface responsive, organic-rich clastic often compared to coal) specific tests were 
performed (i.e., x-ray diffraction, material saturation, capillary suction testing, surface 
tensiometry) using varied concentrations of the surfactant, clay stabilising additive, and 
formation samples to assure the required pH and additive performance was achieved for a 
stimulation treatment and achieve regulatory guidelines for subsurface injection. Whilst this 
was a test to assure fluid compatibility and recovery in order to achieve productivity, certainly 
additives and pH regimes to achieve the converse effects (i.e., to aid a barrier placement) 
would be evaluated in a similar manner and may have the same regulatory oversight 
requirements. 
While not included in this example and as noted in the workflows in Chapter 3 (Figure 19), 
the observed vertical pilot well, FMM injection pressure data will provides a key calibration 
to verify the volume versus length relationships derived from the sensitivity analyses. Using 
that calibration data and better lateral information, the practitioner can estimate openhole 
packer spacing along the lateral, the injection rates, and treatment volumes that may be 
required prior to drilling the lateral. Incorporating that FMM pilot injection data and the work 
completes the sensitivity analyses and placement designs and the workflows outlined in 
Chapter 3, Figure 12.  
Certainly, the log data that is acquired along the length of the lateral and its variability will 
further aid the practitioner to pinpoint the number of lateral stages and determine sections 
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requiring separate sensitivity analyses prior to final packer placement and execution; this 
process completes the workflows outlined in Chapter 3, Figure 13. While this process was 
essentially complete for the example case to run a barrier placement into a well with minimal 
information, it is important to remember that the created barrier height and length and final 
packer placements, treatment rates, and volumes are likely to have much higher variability 
with more information than has been depicted. As aforementioned, this example is based on a 
near homogeneous, isotropic case, whereas in actuality, coals are more heterogeneous and 
have more discontinuities than illustrated.  This highlights the requirement for a more detailed 
data acquisition program to properly design a barrier placement treatment than is usually 
acquired for a CSG hydraulic fracturing treatment to enhance production.  
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5. MODELLING BARRIER EFFECTIVENESS 
5.1 INTRODUCTION 
The determination of a barrier placement’s effectiveness was performed in three stages or 
workflows. For all of these analyses, a base drainage (i.e., reservoir) model was developed for 
a hypothetical longwall drainage scenario in GEM, the reservoir simulator, in order to satisfy 
the general layout of a drainage scenario depicted in Figure 1. The barrier placement was 
defined as being implemented along the trajectory of a horizontal well and damaging a region 
along the wellbore, as described in Chapter 4. 
The first workflow required the establishment of a general or scoping model to answer the 
question of whether a barrier placement, providing a significant reduction in permeability, 
would create a measurable difference in production or drainage pressures for an example 
drainage scenario within a reasonable period of pre-drainage. This required construction of a 
representative modelling grid for an example scenario, assuming a permeability value, and 
then comparing the production and pressure impacts of having or not having a barrier in 
position. This process is necessary to determine a level of permeability reduction required for 
subsequent modelling. 
Once a general, functional model was established then a sensitivity analyses of specific 
variables (e.g., permeability, porosity, reservoir dip, etc.) could be performed to ascertain the 
importance and impact of those variables on depressurisation and reduction of in-situ gas 
contents within the drainage area blocked by the barriers. This modelling used a similarly 
constructed grid to the general model and was performed varying the effectiveness of the 
barrier; the result was a distribution of pressure reduction outcomes within the drainage area 
based on barrier effectiveness that were largely dependent on permeability and permeability 
anisotropy.  
The final workflow was to determine the production outcomes based on a distribution of 
permeability values and assuming an effective barrier placement. This modelling used the 
same reservoir grid, but employed an uncertainty analysis framework to determine outcomes 
of water and gas production over time. This uncertainty framework entailed sampling of the 
distributions of input variables for 256 trials to allow comparisons in the outcome 
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distributions between blocked and non-blocked scenarios. The end result of this workflow is 
the development of gas and water production distributions that can be used in an economic 
framework in Chapter 7 to justify the barrier placement and determine the economic benefit to 
the project under certain economic and operating conditions. 
5.2 METHODOLOGY 
5.2.1 General Model Overview 
The general model is constructed using a Cartesian grid, with gravity vector downward, 
maintaining a constant reservoir thickness (i.e., k-direction, Figure 42a), and placing the 
pressure datum at the origin. Any reservoir dip is applied downwardly in the model as a 
variable in the i- and j-directions; this dip would be input as a constant angle in degrees off 
the horizontal plane which remains perpendicular to the gravity vector (as designated Figure 
42b by the angle “dipi” from the horizontal axis of “H” values) and pressures equilibrated 
back to the datum at each simulation time step (Computer Modelling Group, 2012b).  
The simulations use a geometric, dual porosity model with fracture porosity and permeability 
as the primary flow path with matrix to fracture desorption enabled (Warren and Root, 1963); 
however, a small matrix porosity and low permeability have been entered to represent a triple-
porosity type of behaviour; this is a common industry practice to history-match actual 
production data and reduce model equilibration errors (Reeves and Pekot, 2001). The 
simulator is initialised and fractures and matrix equilibrated at each time step, accounting for 
production and material balance; average pressures are mass balanced within sectors at each 
time step and equilibrated back to the datum pressure. 
The general model construction is described by two sectors (Figure 43)– the first representing 
the inner drainage area (Sector 1) and the second representing the outer undrained region 
(Sector 2); the exterior sector was sized to provide near infinite-acting recharge conditions in 
order to model the effectiveness of the barrier with time steps beyond the end of mining. The 
barrier placement region was given a fixed width dimension and used local grid refinement on 
either side of the barrier placement, to reduce numerical difficulties in the model (Figure 44). 
Tables of the individual grid block dimensions for both the sensitivity and the uncertainty 
analyses are detailed in Appendix B, Table B.1. 
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For all cases, the drainage strategy employed vertical drainage, or production, wells 
interconnected with single-lateral, surface-to-inseam wells feeding into the vertical wellbores 
within the area bounded by the barrier installation; these were adequately spaced to affect 
drainage within 10 years. This spacing was not optimised, just generally constructed and 
confirmed that it met the general drainage criteria in order to assess the benefit of a barrier 
placement. A total of 22-wells were placed in the 4.8 by 2.5 km drainage area in the following 
manner: the wells were organised in two rows of 11-wells per row; each lateral extended 1013 
m in the seam from toe to heel; spacing between laterals was 446 m; and spacing from heel to 
toe of the next row of laterals was 81 m (Figure 44). The flow efficiency of the lateral to the 
vertical well and the bottomhole wellbore flowing pressure (BHFP) were not varied and 
assumed a skin factor of 0. As aforementioned, the focus of this research is the impact of 
reservoir parameters and barrier efficiency on production; however, for an actual application, 
historical data from well completions as well as an understanding of drainage efficiency and 
drainage area would be required to adequately determine the correct number of wells and 
efficiency to match with the barrier placement. 
The relative permeability model was based on a model generalised from the literature and 
input as a lookup table for matrix properties (Computer Modelling Group, 2012b; Zuber, 
1996); within the natural fractures, a simplified straight-line behaviour was inputted. As 
aforementioned, any secondary effects to drainage such as geomechanical changes in the coal, 
shrinkage effects as a result of desorption or secondary gas isotherms have not been taken into 
consideration, as the research was focussing on determining whether or not a barrier had a 
positive impact on drainage. The remaining model operating and initialising conditions for the 
GEM model are detailed in Table 5. The input keyword file used in the GEM CMOST 
simulations is outlined in Appendix B, Section B.3. The functions designated in the keyword 
file as ‘<CMOST>’ are locations in the file where the CMOST samples data from pre-defined 
input distributions; alternatively, deterministic data could be input at those locations as input 
parameters.  
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a) Coordinate system of corner point geometry with thickness in k-direction (after CMG, 2012)
 
b) Representation of a dipping coal reservoir in the i-direction based on an angle ‘dipi’ off the 
horizontal plane ’H’, after CMG (2012) 
Figure 42: Reservoir simulation model geometry 
Coal Thickness
Coal Thickness 
Angle of dip (-) (dipi) 
from horizontal plane in 
i-direction 
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Figure 43: Reservoir simulation grid representation for general model with 2 sectors, constant -1 deg reservoir dip (i- and j-direction), and 500 m pressure datum 
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Figure 44: Expanded drainage area grid (Sector 1, Figure 43) representation for general model with constant -1 deg reservoir dip (i- and j-direction) and 500 m pressure 
datum
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Figure 45: User defined relative permeability curve for meso- and micro-porosity, modified after Zuber (1996) 
and CMG (2012b) 
Table 5: General model operations  
Model calculation/ 
operation 
Model operating constraints Method(s) of data input 
Units GOHFER® fracture modelling units were 
field units, consistency maintained into 
reservoir modelling 
Field units 
Grid/geometry Cartesian grid (Figure 42a, 43 and 44), 
assuming symmetry around example 
drainage area (no flow boundaries) with 
infinite acting in i- and j-directions 
Fixed area, grid dimensions of general and 
subsequent models in Appendix B, Table 
B.1 and Figure B.1 
Reservoir dip Dip as an angle from the origin horizontal 
plane (Figure 42b, 43, and 44) 
Constant or sampling from distribution 
Drainage area Finite drainage area within barrier 
placement (Sector 1) with infinite acting 
reservoir in i- and j-directions outside 
barrier (Sector 2)(Figure 43) 
Local grid refinement to and away from 
barrier grids with expanding grids to 
boundary (See Figures 43 and 44 and 
Table B.1 for dimensions) 
Dual porosity model Warren and Root shape (Warren and Root, 
1963) with pseudo-capillary pressure 
model 
Fracture spacing function developed 
inversely proportional to permeability 
Phases Two-phases, methane and water Properties for both fluids at 43 deg C (110 
deg F) 
Relative 
permeability model 
Based on literature (Computer Modelling 
Group, 2012b; Zuber, 1996) 
Table input for meso- and micro-porosity 
(Figure 45), straight lines for natural 
fractures 
Model initialisation Based on saturations and components on 
grid-by-grid basis 
Based on user input saturations and 
pressure at 500 m datum 
Output Based on standard conditions at separator 60 deg F, 14.7 psia standard conditions 
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5.2.2  Data Collection and Input 
As described in the Chapter 4, the log dataset for designing the barrier placement was based 
on the Grosvenor GM7, an open file CSG vertical pilot exploration well, drilled near 
Moranbah, QLD (Queensland, 2010); this well was targeting the Goonyella Middle (GM) and 
overlying seams (Figure A.1). To evaluate the barrier placement in a reservoir simulator, 
parameters were input that were representative of and consistent with the barrier placement 
modelling, Chapter 4, or from Bowen Basin experiments or studies, as noted (Table 6). 
Table 6: Data used in reservoir modelling 
Data General 
model 
value(s) 
Sensitivity and uncertainty 
model value(s) 
Source 
Temperature (deg C) 43 43 User defined, constant, 110 deg F 
Reservoir pressure (psia) 656 656 Area value of 0.4 psi/ft gradient 
(Reeves and O'Neill, 1989) 
Reservoir dip (deg) Constant, -1 
(i- and j-
direction) 
Uniform distribution: -1 to -
10 
User defined 
Coal porosity (fractures, 
decimal) 
0.025 Triangular distribution: min 
0.005, max 0.3, most likely 
0.025 
User defined, constant 
Coal porosity (micro- and 
meso-porosity, decimal) 
0.005 0.005 User defined, constant 
Coal permeability (fractures 
ki-direction, mD) 
18.2 Truncated log-normal 
distribution: min 1, max 
400, mean 20 (Figure 46) 
User defined, constant 
Permeability anisotropy 
Ratio (ki-direction:kj-direction) 
1:1 Uniform distribution 5:1 
based on multiplier to base 
permeability (i.e., ki-direction ) 
of 0.2 to 5 deriving 
permeability kj-direction 
User defined, constant 
Coal permeability (fractures, 
kk-direction, mD) 
18.2 kk-direction = (ki-direction
 x kj-
direction)0.5 
Calculated based on ki-direction and kj-
direction 
Fracture spacing (mm) 87.8 Inversely proportional to 
permeability based on: 
fracture spacing (mm) = -
4.79ln(i- or j-direction 
permeability) + 30.2 
(Figure 47) 
Based on general cleat spacing in 
literature [e.g., 1 – 100 mm, 1-10 
mm bright lithotypes, 5-20 mm in 
duller bands (Pattison et al., 1996); 
0-150 mm (Laubach et al., 1998); 
and 1-20 mm (Dawson and Esterle, 
2010)] 
Langmuir volume (scf/t) 798 798 
 
Langmuir parameters based on 
adsorption isotherm from Moranbah 
North Area (Laxminarayana and 
Crosdale, 1999) Langmuir pressure (psia) 284 284 
Initial gas content (scf/t) 490 490 Based on 15.3 m3/t average gas 
content values (Laxminarayana and 
Crosdale, 1999) 
Desorption pressure (psia) 451 451 Generated based on isotherm and 
gas content in GEM (Figure 48) 
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Table 6: Data used in reservoir modelling (continued) 
 
Data 
General 
model 
value(s) 
Sensitivity and uncertainty 
model value(s) 
Source 
Desorption time (days) 4.12 4.12 Based on approximation GM Seam 
for IDR30 1.25 m3/t (Williams, R. J. 
et al., 2000) 
Water viscosity (cps) 0.6144 0.6144 Estimated (McCain, 1974) 
Gas viscosity (cps) 0.12 0.12 Estimated (McCain, 1974) 
Matrix initial water saturation 
(%) 
100 100 User defined, fully saturated coal 
Fracture initial water 
saturation (%) 
99 99 User defined, 1% free gas (to aid 
equalisation) 
Gas rate (MMscf/day) <1.0 <3.0 User defined output model 
constraint 
Water rate (bbl/day) <3000 <3000 Typical operating conditions CSG 
operations 
Minimum bottomhole flowing 
pressure (psia) 
50 75 Typical operating conditions CSG 
operations 
Maximum reservoir 
drawdown pressure (psi) 
550 500 User defined output model 
constraint 
 
Figure 46: Cumulative distribution function (probability) of permeability values used for sensitivity and 
uncertainty analyses based on truncated lognormal distribution 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1 10 100 1000
Pr
ob
ab
ili
ty
Permeability (mD)
 109 
 
 
Figure 47: User defined fracture spacing relationship as function of permeability 
 
Figure 48: GEM simulator Langmuir curve from parameters, after Laxminarayana and Crosdale (1999) 
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5.3 MODELLING OUTPUT 
5.3.1 General Modelling 
The purpose of the general or scoping model was to evaluate a base case of an 18 mD coal 
seam to understand the benefit of installing a barrier as a pre-drainage aid to mining; a 
beneficial outcome would produce a measurable reduction in fluid rates (i.e. gas, water) or 
pressures in <10 years. As most mining and coal seam gas (CSG) provinces have evolved to 
either joint tenures or coordinated tenures between CSG and mining entities, it was deemed 
that some reasonable time would be necessary to pre-drain the reservoir by means of 
production; <10 years was deemed to be a reasonable time to show a benefit. 
The blockage efficiency (BE) is described by the interior permeability of the barrier (kblock) 
relative to its initial permeability (kinitial), and expressed as a percentage, or BE = 100% - 
(kblock/kinitial). The general modelling was deterministic, using a single set of reservoir 
parameters (Table 6) and blockage efficiencies of 0 to 99.9% were investigated; using a base 
permeability value of 18mD, a 99.9% BE resulted in a minimum barrier region permeability 
of 0.018mD. As these models were to establish the operability of barrier placements and 
general capabilities of the GEM simulator, the results from this stage of research has limited 
reporting outside the following most notable result. 
In modelling the 18 mD case between 0 and 99% BE, a noticeable decrease in gas production 
rate (Figure 49) occurs at approximately 8 years producing time with an overall 7.6% 
reduction in cumulative gas production (Figure 50) occurring after 20 years. In evaluating 
water rates and cumulative production, a noticeable decrease in water production rate occurs 
at approximately 2 years producing time and an overall 40% reduction in cumulative gas 
production occurs after 20 years. Noticeable differences in the pressure drainage patterns 
around the producing wells could be noted at approximately 8 yrs. Figure 51, demonstrates an 
the reduction in pressure achievable between a 0% (Figure 51a) and 99% BE (Figure 51b) 
case, creating the most notable reduction around the inner and outer producing wells within 
the model.  
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Figure 49: Model predicted water production rates and cumulative volumes based on 0% and 99% BE and 18 mD case 
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Figure 50: Model predicted gas production rates and cumulative volumes based on 0% and 99% BE and 18 mD case 
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a) Drainage pattern for 18mD case with 0% BE 
 
 
 
b) Drainage pattern for 18mD case with 99% BE 
Figure 51: Production forecast for gas rate and cumulative volume for 0% and 99% BE for 18 mD case 
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Pressure reduction before 8 years could be improved if imposed production constraints of 1.0 
MMscf/day per well for gas production and 3000 bbl/day water were removed; these 
constraints also affect the plateaus and behaviour in gas and water production curves in Figure 
50. However, rather than determine optimal values for this case, the research moved forward 
to sensitivity and uncertainty analyses using distributions of data rather than continue to 
evaluate discrete variables. Production constraints were maintained in the sensitivity and 
uncertainty analyses to allow a full distribution of outputs over a pre-drainage period of 6-10 
years for a wide distribution of permeability values and are representative of actual field 
production practices, which are never unconstrained.  
Finally, to assure the grid construction provided a near infinite-acting behaviour; scenarios 
incorporating pressure support via an edge aquifer were run and compared. From these 
simulations, no pressure support effects from the aquifer interaction were noted at this value 
of permeability and no further evaluations of aquifer effects were included in later 
evaluations. 
5.3.2 Sensitivity Analyses 
In the sensitivity analyses, the average reservoir pressure and adsorbed gas volumes of the 
inner drainage region (i.e., Sector 1, Figure 43) were evaluated independently from areas 
outside the barrier placement (i.e., Sector 2, Figure 43). The sensitivity analyses were 
performed in two steps. In the first step, the most likely values for input variables were held 
constant except for permeability, which was sampled from the distribution of permeability 
values and the BE varied to understand the resulting impact on final Sector 1 average 
reservoir pressure. The second step evaluated the sensitivity of all parameters (i.e., 
permeability, anisotropy, porosity, and reservoir dip) relative to a 0% BE and a value deemed 
efficient based on the first analyses (>99%).  
As aforementioned, the BE represents the permeability of the blocked region (kblock) relative to 
region’s initial permeability (kinitial), and expressed as a percentage, or BE = 100% - 
(kblock/kinitial), thus a BE of 99% would result in a 10-2 value relative to kinitial. Variables such as 
gas content, isotherm, multiple gases, or varying gas saturations were not evaluated in this 
research, but may have impact on a case by case basis. In addition, aquifer influx may have 
effect on lower BE values when coupled with higher permeability values than the 18 mD 
 115 
 
value used in the general model; this could be an area for future barrier implementation 
investigations. 
To understand the impact of BE on average reservoir pressure reduction in Sector 1, a number 
of simulations were made, initially varying the BE from 0% to 99%. Initially large steps in BE 
(e.g., 25%) were trialled, fixing all variables except the permeability and evaluating the 
distribution of sector 1 average pressure outcomes after 20 years based on sampling the 
permeability distribution of 1 to 300 mD permeability (Table 6). However, it soon became 
apparent that the net effect of applying 0 to 90% BE, whilst holding all variables constant 
except base permeability, essentially resulted in the same outcome (Figure 52). It was only 
when smaller increments >90% BE were evaluated (i.e., 97, 99 and 99.9% BE) that any 
appreciable differences were noted in the outcomes of sector 1 average reservoir pressure. 
Further, it can be seen that in low to moderate permeability cases the differences between 97, 
99 and 99.9% BE became nearly indiscernible as the permeability approaches the low 
permeability limit, 1 mD. 
Whilst a BE of 99.9% (or kinitial x 10-3) would initially appear to be a large reduction for the 
barrier, the data from colloidal silica testing, when applied to unconstrained sand packs 
(Figure 5), indicate that reductions up to 10-7 are achievable (McCartney et al., 2011). 
Therefore, a reduction of 10-3 was deemed a reasonable expectation to evaluate the potential 
benefit of barrier placement in further modelling, with potential upside based on placement 
process optimisation over time.  
For the next step of the sensitivity analyses the relationships of drainage efficiency (DE, 
Pt/Pinitial, psi/psi) or adsorbed gas efficiency (AGE, Volumet/Volumeinitial, scf/scf) in Sector 1 
were used as key indicators to evaluate the impact of 0 and 99.9% BE and constant or variable 
reservoir dip. To evaluate the impact between constant and variable reservoir dip, two cases 
were chosen– a constant -1 deg reservoir dip in both the i- and j-directions versus trials 
sampling from distributions of -1 to -10 deg reservoir dip in both the i- and j-directions. 
The sensitivity analysis package in GEM represents the sensitivity model output for each 
scenario as a ‘tornado plot’ showing the minimum (ymin) and maximum (ymax) outcomes of DE 
from the analysis as a linear effect where the simulation results are a function of the impact 
coefficient (a1...n) reported for each parameter applied to the range of input values (x1…n) for 
each parameter according to the linear proxy model y = ao + a1 x1 + a2 x2 + a3x3 +…. + anxn 
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(Computer Modelling Group, 2012a); in short, the higher the outputted impact coefficient, the 
larger the impact on the DE outcome.  
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Figure 52: Average reservoir pressure within blocked region for values within permeability distribution and varying from 0% to 99.9% BE 
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Using the 10-year production results for a constant dip of -1 and a 0% BE, low and high 
values of base permeability entered as the ki-direction and the anisotropy applied as a multiplier 
to ki-direction deriving a kj-direction value showed the highest impact on DE; porosity was a second 
order effect as depicted in the tornado plot in Figure 53. The range of values for ki-direction used 
in this sensitivity analysis were sampled from within the log values of the permeability 
distribution in Table 6 and Figure 46; natural fracture spacing was derived from the 
relationship outlined in Figure 47. For the 10-year production case using a constant reservoir 
dip of -1 deg and a 99.9% BE, the base permeability (ki- direction) showed the highest effect to 
the resultant drainage efficiency (DE) in psi/psi, with anisotropy and porosity both showing 
minor effects (Figure 54).  
Using the same methodology, the linear effect coefficients (a1...n, as noted in Figures 53 and 
54 and proxies for impact variables) were determined over a range of production time periods 
(i.e., 5, 6, 7, 8, 9, 10, 15 and 20 years) for 0% and 99.9% BE and constant reservoir dip of -1 
deg in the i- and j-directions and plotted to observe the impact of the parameters over time 
(Figure 55). From these data, it can be observed that whilst the magnitude of impact of 
permeability remains the highest over time, the anisotropy becomes of higher impact (by an 
increased percentage relative to value of permeability) as the production time approaches 20 
years in the non-block (0% BE) case. Porosity remains a low impact variable for both the 0 
and 99% BE cases.  
A similar process to evaluate linear effect coefficients (a1...n, as noted in Figures 53 and 54 and 
proxies for impact variables) was used for both a 0% and 99.9% BE cases and sampling from 
a uniform distribution varying reservoir dip from -1 to -10 deg in both the i- and j-directions 
(Figure 56). As with the constant dip case, the permeability remains the highest impact 
variable in drainage, with the remaining parameters approaching equivalency in both the 0 
and 99% BE cases. Generally, in the early time periods of production in the non-block (0% 
BE) case, anisotropy and porosity show a higher impact in DE as compared to the 99% BE 
case; however, both anisotropy and porosity remain second order effects to permeability. 
Likewise, the process was completed to evaluate the parameters on adsorbed gas efficiency 
(AGE) based on 0% and 99.9% BE and a constant (-1 deg) as well as sampling from a uniform 
distribution varying (-1 to -10 deg) reservoir dip from in both the i- and j-directions; those 
results are summarised in Figures 57 and 58, respectively. As with the DE sensitivity analyses 
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for the constant and variable dip cases, permeability remains the highest impact variable in 
drainage, with the remaining parameters approaching equivalency in both the 0 and 99% BE 
cases. In the first 10 years of production in the non-block (0% BE) case, anisotropy and 
porosity demonstrate a higher impact in AGE as compared to the 99% BE case and relatively 
higher effects in the constant reservoir dip relative to the variable dip cases. 
Thus, the sensitivity analyses indicate that the permeability is main driver in both blocked and 
unblocked drainage. Dip did not seem to have a major influence on drainage based on these 
analyses, but will continue to be investigated in the uncertainty analyses, as dip may influence 
water production outcomes which can become an important variable in drainage costs in the 
economic analyses. Most importantly, in each a 99.9% BE case relative to 0% BE, the barrier 
placement improves DE and AGE with the highest impact becoming more apparent in mid- to 
high-permeability ranges; this will be further illustrated by means by the output of the 
uncertainty analyses. 
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Figure 53: Sensitivity analysis of 10 year DE, 0% BE and constant -1 deg reservoir dip in i- and j-directions 
 
 Figure 54: Sensitivity analysis of 10 year DE, 99.9% BE and constant -1 deg reservoir dip in i- and j-directions
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Figure 55: Linear effect coefficients to DE from 5 to 20 years for parameters based on 0% and 99.9% BE and constant -1 deg reservoir dip in i- and j-directions 
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Figure 56: Linear effect coefficients to DE from 5 to 20 years for parameters based on 0% and 99.9% BE using an input distribution varying from -1 to -10 deg reservoir dip 
in i- and j-directions 
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Figure 57: Linear effect coefficients to AGE from 5 to 20 years for parameters based on 0% and 99.9% BE and constant -1 deg reservoir dip in i- and j-directions 
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Figure 58: Linear effect coefficients to AGE from 5 to 20 years for parameters based on 0% and 99.9% BE using an input distribution varying from -1 to -10 deg reservoir dip 
in i- and j-directions
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5.3.3 Uncertainty Analyses 
The uncertainty analyses used the same distributions of variables as the sensitivity analyses to 
assess the impact on production results of a barrier placement with and without reservoir dip. 
The scenarios investigated included 0% and 99.9% BE and constant -1 deg (i- and j-direction) 
or sampling from a uniform distribution of -1 to -10 deg (for both i- and j-directions) reservoir 
dip. The main purpose of the uncertainty analyses were to fully develop distributions of 
production outcomes based on 256 trials representative of the full range of parameter 
distributions and generate differential production outcomes to evaluate the economic benefit 
of placing a 99.9% BE around the modelled drainage area.  
In the uncertainty analyses, the CMOST platform was able to execute 256 trials sampling 
from each distribution of parameters outlined in Table 6. The relationships of drainage down 
efficiency (DE, Pt/Pinitial, psi/psi) or adsorbed gas efficiency (AGE, Volumet/Volumeinitial, 
scf/scf) in Sector 1 were collected at 5, 6, 7, 8, 9, 10, 15 and 20 year periods; these 
relationships serve as key indicators to evaluate the impact between 0 and 99.9% BE as well 
as the differences between constant or variable reservoir dip.  
Comparing the results of a 5- to 20-year outcomes, using the same production constraints, 
distribution of variables, a constant -1 deg reservoir dip in the i- and j-direction, and 0 and 
99.9% BE, it is evident that the barrier placement is positively impacting DE and AGE results 
on a 10th, 50th, and 90th percentile (P10, P50 and P90) basis (Figures 59 and 60). From the 
distributions of DE, it can be shown that the barrier placement positively impacts drainage 
efficiency after about 5 years on a P50 basis; however, the average pressure is still at nearly 
33% of original pressure at that time, requiring further drainage before commencing mining 
operations. After 20 years the reductions range from approximately 2-5% improvement in 
reducing average reservoir pressure relative to no barrier implementation. In the case of 
adsorbed gas, the barrier implementation reduces adsorbed gas approximately 7-8% from a 
non-barrier case on a P50 basis from year 10 onwards. 
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Figure 59: Distribution of P10, P50 and P90 DE outcomes for 5- to 20-years production between 0% and 99.9% 
BE and constant -1 deg reservoir dip in i- and j-directions 
 
Figure 60: Distribution of P10, P50 and P90 AGE outcomes for 5- to 20-years production based on 0% and 
99.9% BE and constant -1 deg reservoir dip in i- and j-directions 
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Similarly, 5- to 20-year production outcomes were developed based on the same production 
constraints, using the same distribution of variables, sampling from a distribution of -1 to -10 
deg reservoir dip in the i- and j-direction, and evaluating 0 and 99.9% BE. The data 
demonstrates that the 99.9% BE barrier placement is similarly beneficial on P10, P50 and P90 
basis for DE (Figure 61) and AGE (Figure 62) regardless of reservoir dip. In most cases there 
appears to be little if any difference in the range of 20 year DE outcomes; however, upon 
closer examination the input of a reservoir dip does slightly affect the P50 and P90 barrier 
outcomes (<1%) in the 5-10 year range. In the case of adsorbed gas, the reduction of adsorbed 
gas on a P50 basis from 0 to 99.9% BE increases from approximately 8% at year 10 to 
approximately 9% at year 20; the introduction of variability in dip did the P10, P50 and P90 
reductions of adsorbed gas by approximately 1% relative to the constant -1 deg reservoir dip.  
 
Figure 61: Distribution of P10, P50 and P90 DE outcomes for 5- to 20-years production between 0% and 99.9% 
BE using an input distribution varying from -1 to -10 deg reservoir dip in i- and j-directions 
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Figure 62: Distribution of P10, P50 and P90 AGE outcomes for 5- to 20-years production between 0% and 
99.9% BE using an input distribution varying from -1 to -10 deg reservoir dip in i- and j-directions 
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In a similar manner, the cumulative gas and water volume differentials between the two cases 
were derived (Figures 71-74). Distributions of volumes will be sampled as primary inputs into 
the economic analyses in Chapter 7 and the economic benefits arising from the differentials 
between the unblocked and blocked cases in terms of a cost increases or reductions (i.e., water 
production, long-term gas emissions) along with improved revenues or losses in early time 
gas sales. 
 
  
Figure 63: Differential gas production rates between 0% and 99.9 % BE cases and constant -1 deg reservoir dip 
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Figure 64: Differential gas production rates between 0% and 99.9 % BE cases using an input distribution varying 
from -1 to -10 deg reservoir dip 
   
Figure 65: Differential gas production rates between using an input distribution varying from -1 to -10 deg 
reservoir and a constant -1 deg reservoir dip cases, 0% BE 
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Figure 66: Differential gas production rates between using an input distribution varying from -1 to -10 deg and 
constant -1 deg reservoir dip cases, 99.9% BE case 
 
 
Figure 67: Differential water production rates between 0% and 99.9 % BE cases and constant -1 deg reservoir 
dip 
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Figure 68: Differential water production rates between 0% and 99.9 % BE cases, using an input distribution 
varying from -1 to -10 deg reservoir dip 
 
Figure 69: Differential water production rates between using an input distribution varying from -1 to -10 deg 
reservoir dip and constant -1 deg reservoir dip cases, 0% BE 
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Figure 70: Differential water production rates between using an input distribution varying from -1 to -10 deg and 
constant -1 deg reservoir dip cases, 99.9% BE 
 
Figure 71: Differential gas volumes between 0% and 99.9% BE cases and constant -1 deg reservoir dip 
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Figure 72: Differential gas volumes between 0% and 99.9% BE cases using an input distribution varying from -1 
to -10 deg reservoir dip 
 
Figure 73: Differential gas volumes between 0% and 99.9% BE cases and constant -1 deg reservoir dip 
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Figure 74: Differential gas volumes between 0% and 99.9% BE cases using an input distribution varying from -1 
to -10 deg reservoir dip 
5.4 SUMMARY OF RESERVOIR MODELLING RESULTS 
The primary workflow established the functionality of a general or scoping model and 
successfully answered the question what magnitude of damage, entered into the simulator as a 
percentage reduction in initial permeability provided a measureable change in production. 
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that for moderate to high permeability ranges an effective a blockage efficiency (BE) of 
99.9% or a permeability reduction multiplier of 10-3 would be required.  
Once a general, functional model was established then the second workflow, or sensitivity 
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and volumes of water and gas production, thereby becoming an important variable to consider 
in drainage costs or income within the economic modelling. 
The final workflow, or uncertainty analyses, defined the production outcomes based on the 
input distributions of permeability and other variables and evaluating an effective barrier 
placement 99.9% BE versus an unblocked case. Based on the sensitivity analyses, the strong 
dependency of both permeability and permeability anisotropy provided insight that in the 
mid- to high-range values of permeability the results become more positively impacted by the 
barrier placement. Changing reservoir dip values from a constant -1 deg to a variable -1 to -10 
deg distribution changed the differential water production profile as compared to the 
production profile in both blocked and unblocked cases. The net volumetric effect of 
increased reservoir dip was a reduction in the differential production of water by 
approximately 50% between 0% and 99.9% BE cases but only reduced gas by approximately 
33%. Therefore, in actual cases, multiple changes in dip through the reservoir may be of 
significance and affect drainage efficiency; this could be an area for further investigation. 
The uncertainty simulations have produced gas and water production distributions that can be 
used in Chapter 7 to derive distributions of economic outcomes based on a range of input 
distributions of costs, gas incomes, and time of pre-drainage before commencement of coal 
mining. Notwithstanding the economic outcome, after mining commences any remaining 
producible gas that was predicted to be differentially produced between the 0 and 99.9% BE 
cases will continue to influx into the drainage area (i.e., as a low pressure sink) and inevitably 
becomes gas that must be mitigated by production or ventilation post-mining. These and 
remaining simulations in this Thesis do not consider gas influx that may result from 
underlying or overlying seams or porous adjoining strata. Under this case, modelling has 
shown that a barrier placement reduces this long-term or tail gas production, thereby 
providing an environmental benefit and a potential long-term economic impact to the project 
if a carbon emission or pricing scheme is in force at or after mining commences.  
Certainly these models and the number of wells could be optimised to derive greater short-
term drainage and potentially economic benefits from the barrier placement; however, the 
purpose of this section of the research is to holistically describe the methodologies and 
workflows required to design and evaluate a barrier placement’s effectiveness, which has 
been demonstrated through these examples.  
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6. BARRIER PLACEMENT VERIFICATION AND 
SURVEILLANCE 
6.1 INTRODUCTION 
Verification of barrier placement and surveillance of barrier performance is an aspect of this 
research that requires some discussion; the actual verification strategies must be evaluated on 
a case-by-case basis and are highly dependent on permeability. In recent years, increasing 
attention has been given to low-permeability, CSG hydraulic fracturing and reservoir 
surveillance technologies to improve reservoir performance and unlock contingent CSG gas 
resources in Eastern Australia, primarily using hydraulic fracturing or horizontal wells. Many 
projects are testing new diagnostics and further reporting of their research will continue, 
resulting in improved diagnostics for barrier placement verification and surveillance. 
The most reliable method for diagnostics is production data analysis (PDA) and history-
matching observed pressures at the observation wells over time using a reservoir simulator or 
analytical rate transient analysis methods (Clarkson, 2013a, 2013b). However, as noted in 
section 2.2.4, PDA requires the establishment of boundary dominated flow and a good 
understanding of permeability to accurately match a reservoir model; otherwise the process is 
fraught with non-uniqueness. Often, this process may take months or years to achieve the 
drawdown differentials across the boundary of the barrier placement, depending on the 
permeability. Simply observing the differential pressures at observation wells within and 
outside the region of pre-drainage is a long-term strategy that will aid the overall reservoir 
model calibration, but not a short term diagnostic strategy. Instead, this chapter will focus on 
short term diagnostic strategies and limitations of available methods as they specifically relate 
to evaluating barrier performance, most notably hydraulic fracturing diagnostics and PTA 
methods. 
6.1 APPLICATION OF HYDRAULIC FRACTURING MODEL DIAGNOSTICS 
Hydraulic fracture diagnostics can potentially assist verification of the barrier placement and 
applicable technologies have been previously discussed in sections 2.51 to 2.5.4. However, 
many of these diagnostics were developed to verify large-scale, hydraulic fractures in clastic 
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reservoirs and have demonstrated mixed results with regards to their application in coals. Of 
the potential hydraulic fracturing diagnostic technologies described in sections 2.51 to 2.5.4, 
the three most applicable to the barrier placement application are treatment pressure history-
matching, downhole microseismic monitoring, and surface deformation tiltmeters. As 
aforementioned, there are difficulties of non-uniqueness in treatment pressure history-
matching; however, the rates and fluid properties should be well defined and treatment areas 
are small. Therefore, treatment pressure history-matching is a recommended diagnostic for 
this application, but should be interpreted and grounded with at least one additional hydraulic 
fracturing diagnostic.  
The most common diagnostics being used to identify the stimulated reservoir volume in 
clastic reservoir stimulations is microseismic monitoring; this is most often performed from 
offsetting monitoring wells or from newer tools placed below the perforations directly in the 
wellbore. In the Surat Basin and other documented cases, the magnitudes of microseismic 
responses during coal seam stimulations are low (Johnson et al., 2010b; Zimmer, 2010). 
Coupling this phenomena with the fact that the treatment sizes and job duration in a barrier 
placement are small, there are concerns by the author and in consultation with a leading 
industry provider that the responses from a barrier placement may be indiscernible even with 
multiple monitoring stations and low background noise (Wolhart, 2013).  
The next most reliable diagnostic and applicable for the depth range anticipated in barrier 
placement applications are surface deformation tiltmeters. However, based on the small scale 
and concentrated effects that may be exhibited within the area of the barrier placement there is 
uncertainty whether there would be adequate deformation definition to discern the differences 
between vertical, horizontal and formation dilation effects. However, based on the responses 
of pumping small injections during the Surat Basin experiment and after consultation with 
experts in the area of tiltmeter deployment (Jeffrey, 2008; Johnson et al., 2010b; Wolhart, 
2013), there is a reasonable chance that if the density or tiltmeters used is high and evenly 
spaced along the entire lateral length, tiltmeters may be able to identify any gaps in placement 
by deformation patterns.  
In the Surat Basin experiment, the closest tiltmeter spacing to one of the treatment wellbores 
was approximately 60 m, which measured deformation data on injection volumes as small as 
30 bbl; thus a closer spacing, approximately 40 m, then spanning out with 80 m exterior 
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spacing could potentially provide at least two tiltmeters to monitor the deformation within a 
40-80 m span between barrier placement stage packers. Overall a total of 490 tiltmeters would 
be required based on this spacing to cover five adjoining 1500 m laterals, in toe-to-heel 
manner as shown in Figure 75. The actual number and placement would require pre-job 
modelling on a case-by-case basis of the potential deformations, using barrier placement 
potential dimensions and reservoir material and stress data (e.g., in situ stress values, rock 
mechanical properties, depths, etc.).  
  
Figure 75: Potential space out of tiltmeters along the lateral based on 80 m spacing commencing 40 m from the 
barrier placement 
Over time, the fluid and rock mechanical properties within the seam and on either side of a 
successful barrier placement should change based on pressure changes and physical 
deformations. In addition, fluid saturation gradients would occur, especially around areas of 
inadequate coverage, causing pressure drops, not unlike ‘leaky faults’. Four dimensional (4D) 
surface seismic has had some success in determining stimulated reservoir volumes in shales 
which could be incorporated with attribute analysis post-placement to potentially identify the 
affected area of the placement (Maxwell et al., 2002). Therefore, a 4D seismic acquisition 
during coal seam drainage could potentially visualise changes in formation fluids, saturations 
or properties based on amplitude variation offset (AVO) versus time around the barrier 
placement (Lespinasse Fung, 2012; Richardson, 2004). This is an emerging fracturing 
diagnostic area that was employed in the Alberta enhanced coalbed methane project; however, 
it may have more application in barrier placement than in production field monitoring based 
on the potential contrast in saturation and fluid properties that should be observable around a 
barrier placement. 
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6.2 APPLICATION OF PRESSURE MONITORING AND PRESSURE TRANSIENT 
TESTING DIAGNOSTICS 
Historically, more guidance and attention has been made in the industry to pressure 
monitoring and transient testing with regards to CSG reservoir surveillance and the techniques 
are also applicable to assuring barrier performance; the background and case histories around 
pressure monitoring and PTA methods were outlined in section 2.5.5. This section evaluates 
the application of two of many potential analytical, pressure transient test solutions that might 
be employable, depending on the frequency and location of the observation wells.  
The denser the observation well spacing, the more likely boundary-dominated flow will be 
created by well interaction during a drawdown test. If an adequate number of observation 
wells are surrounding the barrier and there are far-field geological or permeability barriers, 
then an evaluation is possible using an analytical boundary-defined (BD) PTA model. 
Alternatively, an analytical, infinite-acting, leaky-fault (LF) model could be used with sparse 
observation well spacing and depends on the competency, or numerically the conductivity, of 
the barrier which would be treated as a fault causing a conductivity change within a region of 
infinite- acting flow behaviour. Both models will be evaluated for an example case in the 
Fekete F.A.S.T. WellTest™ well testing analysis software.  
For the evaluation of PTA methods, the author has focused primarily on the use of external 
observation wells for transient pressure testing as they should have the highest range of 
drawdown potential without introducing desorption and multiphase effects. In practice, any 
internally placed observation wells may observe pressure transients from any externally 
driven multi-well drawdown and buildup testing if the barrier is leaky. Interference testing is 
numerically intensive and the potential number of scenarios are too numerous to address 
during the course of this research. Interference testing analyses should be considered but are 
left as an area for further investigation. 
6.3.1 Boundary-Defined (BD) Modelling Method  
In the Fekete F.A.S.T. WellTest™ software, an analytical BD model allows for analysis based 
on inputs of permeability anisotropy, dual porosity behaviour, and boundary definition. The 
P50 values for permeability and anisotropy from Chapter 5 (Table 6) were input directly and 
the dual porosity behaviour described for x- and y-direction fracture spacing, using a Warren 
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and Root (1963) geometry (Figure 76). The analytical dual porosity variables,  (interporosity 
flow coefficient) and  (storativity ratio), were calculated based on n=2 (number of fracture 
planes for x, y geometry) and based on the parameters in Table 7 (Fekete and Associates, 
2013).  
 
Figure 76: Idealised model of dual porosity system based on n-normal (n=3 pictured) fracture sets (Warren and 
Root, 1963) 
As an example of a boundary dominated case, a plan is proposed where observation wells 
would be evenly spaced 1000 m apart in the i-direction (WellTest™ model x-direction) with 
an internal and external distance of 100 m from the barrier placement in the j-direction 
(WellTest™ model y-direction) (Figure 77). An analytical BD model uses the dimensions to 
no-flow boundaries to evaluate the pressure transients created to those boundaries (Figure 78) 
during a drawdown or injection event; in this case, the event would be created by equal and 
simultaneous drawdown on all external observation wells. Cases 1 and 2 are designed to 
evaluate differing closed boundary areas between wells, defined as xe or 1000 m, and creating 
a rectangular areas of 7.44 x 105 to 4.93 x 105 m2 based on either the non-presence or presence 
of a barrier thereby defining the length in the y-direction, ye (Figures 79 and 80).  
Potential test rates can be trialled, using the smallest area (Case 2), to define a reasonable 
pressure signature that is analysable in a constant rate drawdown and buildup test using the 
Fekete F.A.S.T. WellTest™, analytical, boundary-defined (BD) model. For these cases, a 275 
bbl/day drawdown for 30 days followed by a 60 day buildup analysis provides discernible 
differences in pressure behaviour between cases. Where possible, based on permeability, it is 
recommended to limit the drawdown pressures to above desorption pressure so that 
multiphase effects do not become too problematic in the analysis; however, most software 
packages can numerically manage multiphase flow to derive a recombined downhole rate. 
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Figure 77: Location of example observation wells inside and outside of proposed barrier placement 
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Figure 78: Depiction of boundary-defined (BD) model areas for Cases 1 and 2 
Well-1 Well-10 Well-11
Well-12 Well-13 Well-14 Well-15 Well-16 Well-17 Well-18 Well-19
Well-2
Well-20 Well-21 Well-22
Well-3 Well-4 Well-5 Well-6 Well-7 Well-8 Well-9
1,000 2,000 3,000 4,000 5,000
-2,000
-1,000
0
-
3
,
0
0
0
-
2
,
0
0
0
-
1
,
0
0
0
0
498
526
554
581
609
637
665
693
721
749
777
G
r
i
d
 
L
e
n
g
t
h
 
(
j
-
d
i
r
e
c
t
i
o
n
,
 
m
)
 
Grid Length (i-direction, m) Example observation well Case 1 no-flow boundary conditions 
Barrier placement Case 2 no-flow boundary conditions 
 144 
 
 
Figure 79: Case 1, well location [xw (m), yw (m)] and pressure observation point 
(z0), BD model without barrier placement within 7.44 x 105 m2 drainage area [xe 
(m), ye (m)] 
 
 
Figure 80: Case 2, well location [xw (m), yw (m)] and pressure observation point 
(z0), BD model with barrier placement within 4.93 x 105 m2 drainage area [xe (m), 
ye (m)] 
Plan View
(Not to scale)
No Flow
No Flow
N
o
 
F
l
o
w
N
o
 
F
l
o
w
Xe = 1000.000 m
Y
e
 
=
 
7
4
3
6
.
5
0
0
 
m
Xw = 500.000
Y
w
 
=
 
4
8
3
4
.
5
0
0
Obs Well
Side View
(Not to scale)
No Flow Top of Reservoir
No Flow Bottom of Reservoir
h
 
=
 
6
.
0
9
6
 
m
htop = 0.000 m
hp = 6.096 m
ZO = 3.048 m
Plan View
(Not to scale)
No Flow
No Flow
N
o
 
F
l
o
w
N
o
 
F
l
o
w
Xe = 1000.000 m
Y
e
 
=
 
4
9
3
4
.
5
0
0
 
m
Xw = 500.000
Y
w
 
=
 
4
8
3
4
.
5
0
0
Obs Well
Side View
(Not to scale)
No Flow Top of Reservoir
No Flow Bottom of Reservoir
h
 
=
 
6
.
0
9
6
 
m
htop = 0.000 m
hp = 6.096 m
ZO = 3.048 m
 145 
 
 
Table 7: Data used in observation well pressure transient analysis (PTA), Cases 1 and 2, BD model 
Data Test parameters 
and results 
Source 
Observation hole depth (m) 595 User defined, Figure 77 
Open hole size (in) 6.25 User defined, 6.5 in wellbore diameter 
Casing size (in) 4.5 User defined 
Wellbore volume (bbl) 30 User defined 
Temperature (deg C) 43 User defined, Constant, 110 deg F 
Reservoir pressure (psia) 778 Area 0.4 psi/ft gradient (Reeves and O'Neill, 
1989), example well depth 595m 
Reservoir dip (deg) -1 User defined, Constant 
Coal porosity (fractures, decimal) 0.025 User defined, From triangular distribution: min 
0.005, max 0.3, most likely 0.025 
Coal porosity (micro- and meso-
porosity, decimal) 
0.005 User defined 
Coal permeability (fractures ki-direction, 
mD) 
20 User defined, from truncated log-normal 
distribution: min 1, max 400, mean 20 (Figure 46) 
Permeability anisotropy ratio  
(ki-direction:kj-direction) 
2.6 User defined, from uniform distribution 5:1 based 
on multiplier to base permeability (i.e., ki-direction ) of 
0.2 to 5 deriving permeability kj-direction, mean 2.6 
Coal permeability  
(fractures kj-direction, mD) 
52 Calculated, kj-direction = ki-direction x permeability 
anisotropy ratio 
Average coal permeability (fractures, 
mD) 
32.25 Calculated, kaverage = (ki-direction x kj-direction)0.5 
Fracture spacing (mm) 15.9, i-spacing 
11.3, j-spacing 
User defined based on: fracture spacing (mm) = -
4.79ln (i-, j-, or k-direction permeability) + 30.2 
(Figure 47) 
Normal fracture sets 2 User defined, x- and y- plane (i- and j-directions) 
Interporosity flow coefficient  
(, mD/mD) 
8.42 x 10-3 Calculated based on above parameters 
Desorption pressure (psia) 451 Not required in model 
Formation compressibility (psi-1) 
(matrix) 
5.0 x 10-5 GRI CBM Reservoir Engineering (Zuber, 1996) 
Water compressibility (psi-1) 
(fractures) 
3.1 x 10-6 Fekete, FAST WellTest™ calculation 
Storativity ratio (, psi/psi) 0.253 Calculated based on above parameters 
Fracture initial water saturation (%) 100 User defined 
Test water rate (bbl/day) 275 User defined 
Test drawdown period (day) 30 User defined 
Test buildup period (day) 60 User defined 
Minimum bottomhole flowing 
pressure (psia) 
209, Case 1 
117, Case 2 
Fekete, FAST WellTest™ calculation 
P* (idealised pressure) (psia) 770, Case 1 
757, Case 2 
Fekete, FAST WellTest™ calculation 
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As aforementioned, the drawdown test would be executed by commencing drawdown on all 
exterior observation wells at a constant drawdown rate of 275 bbl/day for 30 days, observing 
the bottomhole flowing pressure at each well either calculated from surface pressure or 
directly measured from downhole gauges. This simultaneous testing of all observation wells 
would create the no-flow boundary conditions between the observation wells and establish 
drawdown equally on any far-field geological boundaries and the barrier placement. 
Following the drawdown, the wells would be shut-in and pressure buildup monitored for 60 
days. 
Figure 81 shows that differing pressure plots should be observed at each observation well 
based on whether a barrier is in place or not. However, upon closer examination the 
magnitude of the drawdown and build up pressures based on a linear time plot (Figure 81 and 
Table 7) are within 100 psi and may be difficult to discern from the field data, especially as 
the drawdown pressures in both Cases 1 and 2 are below the desorption pressure and likely to 
introduce dual phase (i.e., gas and water) effects and noise in bottomhole pressure signatures, 
even if downhole gauges are used. Similarly, the idealised or extrapolated pressures (P*) 
output from the analysis of the radial flow plot [obtained by plotting pressures versus 
superposition time or sum of delta time (Fekete and Associates, 2013)] are also within 2% of 
each other (Figures 82, 83, and Table 7), making the ability to differentiate based on P* 
unlikely.  
However, if the pressure buildup in Cases 1 and 2 are plotted together, the signature and rates 
of pressure build up as a function of superposition time indicate significant differences and 
should provide discernable evidence (Figure 84). This can also be seen when the two 
individual type curves (Figures 85 and 86) are also plotted on the same graph (Figure 87). 
Note that the characteristic dual porosity behaviour is also observable in both typecurves in 
the derivative function, based on the input values of  and (Table 7); this is noted by the 
divergence in late time of the derivative function in Figure 87.  
Consequently, the model output for Cases 1 and 2 show that distintinctively differing 
drawdown and buildup pressure behaviours are discernable for PTA, depending on whether 
an effective barrier is in position.  
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Figure 81: Comparison of rate and pressure responses for BD model, Cases 1 and 2 (drawdown rate is the same for Cases 1 and 2 at 275 bbl/day) 
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Figure 82: BD modelled radial flow plot for buildup period Case 1 
Radial
500
520
540
560
580
600
620
640
660
680
700
720
740
760
p
 
(
p
s
i
(
a
)
)
1.0101102103104105106107 2345678234567823456782345678234567823456782345678
Superposition Radial Time (t) (h)
pdata
pmodel
p*
pi (syn) 778.0 psi(a)
p*model 757.1 psi(a)
Cumwater 8.25 Mbbl
WIPmodel 7090.49 Mstb
kh 644.9806 md.ft
h 20.000 ft
hp 20.000 ft
kxy 32.2490 md
kyz 40.9512 md
kx 20.0000 md
ky 52.0000 md
kz 32.2500 md
Xe 3280.840 ft
Ye 24397.966 ft
Xw 1640.420 ft
Yw 15861.220 ft
 149 
 
 
Figure 83: BD modelled radial flow plot for buildup period Case 2 
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Figure 84: Comparison of BD modelled radial flow buildup curves for Cases 1 and 2 
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Figure 85: BD modelled type curve for buildup period Case 1 
 
Typecurve
10-2
10-1
1.0
101
2
3
4
6
2
3
4
6
2
3
4
6

p
/
q
,
 
D
e
r
i
v
a
t
i
v
e
 
(
p
s
i
/
(
b
b
l
/
d
)
)
10-4 10-3 10-2 10-1 1.0 101 102 103 1042 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8
Real Time (h)
p/qdata
p/qmodel
Derivativedata
Derivativemodel
pi (syn) 778.0 psi(a)
p*model 770.4 psi(a)
Cumwater 3.00 Mbbl
WIPmodel 7090.49 Mstb
kh 644.9806 md.ft
h 20.000 ft
hp 20.000 ft
kxy 32.2490 md
kyz 40.9512 md
kx 20.0000 md
ky 52.0000 md
kz 32.2500 md
Xe 3280.840 ft
Ye 24397.966 ft
Xw 1640.420 ft
Yw 15861.220 ft
 152 
 
 
Figure 86: BD modelled type curve for buildup period Case 2 
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Figure 87: Comparison of BD modelled buildup type curves for Cases 1 and 2 
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6.3.2 Leaky-Fault (LF) Modelling Method 
Another model to potentially analyse whether a barrier placement is or is not in place is an 
analytical leaky-fault (LF) model, which can be simulated using the Fekete WellTest™ 
software. Unlike the BD model, which assumes boundary conditions, the LF model is a radial 
flow model which assumes that there is a leaky fault of known conductivity (Figures 88 and 
89) disrupting infinite-acting radial flow behaviour, assuming no establishment of no-flow 
boundaries. This model is based on a sparse or limited distribution of observation wells 
around the barrier placement. Further, this model does not accommodate the detail of 
permeability anisotropy or dual porosity behaviour in the model assumptions as it assumes 
infinite-acting radial flow conditions (Fekete and Associates, 2013). 
 
Figure 88: LF model, Cases 3 and 4 (Fekete and Associates, 2013) 
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Figure 89: Case 3 and 4, well locations from barrier placement depicted as a LF model 
This is the simplest form of a model and is used to see if the placement of a barrier might be 
analysable if less observation wells are used, thereby creating less interference or definable 
no-flow boundary conditions. All that is considered in the LF model is the change in 
conductivity of the fault, which was varied between values of 10 in Case 3, or 0% BE, and 2 x 
10-6 mDft in Case 4, or 99.9% BE. The data for this model are outlined in Table 8. 
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Table 8: Data used in observation well PTA, Cases 3 and 4, LF model 
Data Test parameters 
and results 
Source 
Observation hole depth (m) 595 User defined, Figure 77 
Open hole size (in) 6.25 User defined, 6.5 in open hole diameter 
Casing size (in) 4.5 User defined 
Wellbore volume (bbl) 30 User defined 
Temperature (deg C) 43 User defined, constant, 110 deg F 
Reservoir pressure (psia) 778 Area 0.4 psi/ft gradient (Reeves and O'Neill, 1989), 
example well depth 595m 
Reservoir dip (deg) -1 User defined, constant 
Coal porosity (fractures, 
decimal) 
0.025 User defined, From triangular distribution: min 0.005, 
max 0.3, most likely 0.025 
Length to barrier (m) 100 User defined 
Barrier width (m) 10 User defined 
Coal permeability  
(fractures ki-direction, mD) 
20 User defined, from truncated log-normal distribution: 
min 1, max 400, mean 20 (Figure 46) 
Permeability anisotropy ratio  
(ki-direction:kj-direction) 
2.6 User defined, from uniform distribution 5:1 based on 
multiplier to base permeability (i.e., ki-direction ) of 0.2 to 
5 deriving permeability kj-direction, mean 2.6 
Coal permeability 
(fractures kj-direction, mD) 52 Calculated, kj-direction = ki-direction x
 permeability 
anisotropy ratio  
Average coal permeability 
(fractures, mD) 
32.25 Calculated, kaverage = (ki-direction x kj-direction)0.5 
Barrier permeability 32.25, Case 3 
32.25, Case 4 
User defined 
Barrier conductivity (mDft) 10, Case 3 (BE 
0%) 
2.0 x 10-6, Case 4 
(BE 99.9%) 
User defined 
Desorption pressure (psia) 451 Not required in model 
Formation compressibility (psi-1) 
(matrix) 
5.0 x 10-5 GRI CBM Reservoir Engineering (Zuber, 1996) 
Water compressibility (psi-1) 
(fractures) 
3.1 x 10-6 Fekete, FAST WellTest™ calculation 
Fracture initial water saturation 
(%) 
100 User defined 
Test water rate (bbl/day) 500 User defined 
Test drawdown period (d) 30 User defined 
Test buildup period (d) 60 User defined 
Minimum bottomhole flowing 
pressure (psia) 
181, Case 3 
131, Case 4 
Fekete, FAST WellTest™ calculation  
P* (idealised pressure) (psia) 776, Case 3 
775, Case 4 
Fekete, FAST WellTest™ calculation 
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Figure 90 shows that differing pressure drawdown or buildup plots should be observable at an 
observation well based on whether a barrier is in place or not. However, upon closer 
examination the magnitude of the drawdown and build up pressures based on a linear time 
plot (Figure 90 and Table 8) are again within 100 psi and may be difficult to discern from the 
field data. This may become even more difficult as the drawdown pressures in both Cases 3 
and 4 are below the desorption pressure and likely to introduce dual phase (gas and water) 
effects and noise in bottomhole pressure signatures, even if downhole gauges are used. 
Similarly, the idealised or extrapolated pressures (P*) output from the analyses of the radial 
flow plot are within 1 psi of each other (Figures 91, 92, and Table 8), making this method 
ineffective.  
Further, when the pressure buildup for Cases 3 and 4 are plotted together, the signature and 
rates of pressure build up as a function of superposition time (Figure 93) indicate differences 
in behaviour but do not represent as significant differences in pressure buildup behaviour as 
the BD testing method. Similary, the two type curves for Cases 3 and 4 differ in behaviour 
(Figures 94 and 95) in the the signatures of pressure build up and derivative functions; 
however, when plotted together they do not represent significant differences in pressure 
(Figure 96). This illustrates the requirement that an adequate number of observation wells are 
necessary to create boundary dominated, no-flow conditions between themselves, any 
geological boundaries, and the barrier placement boundaries. 
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Figure 90: Comparison of rate and pressure responses for LF modelled Cases 3 and 4 (drawdown rate is the same for Cases 3 and 4 at 500 bbl/day) 
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Figure 91: LF modelled radial flow plot for buildup period Case 3 
Radial
200
240
280
320
360
400
440
480
520
560
600
640
680
720
760
p
 
(
p
s
i
(
a
)
)
1.0101102103104105106107 2345678234567823456782345678234567823456782345678
Superposition Radial Time (t) (h)
pdata
pmodel
p*
pi (syn) 778.0 psi(a)
p*model 775.7 psi(a)
Cumwater 15.00 Mbbl
WIPmodel Mstb
kh md.ft
h 20.000 ft
k1 32.2490 md
k2 32.2490 md
kFwF md.ft
sd 0.000
sf 0.000
x 328.100 ft
FcD 10.000
hD 0.061
xD 1.001
 0.734
 160 
 
 
Figure 92: LF modelled radial flow plot for buildup period Case 4 
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Figure 93: Comparison of LF modelled radial flow buildup curves for Cases 3 and 4 
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Figure 94: LF modelled type curve for buildup period Case 3 
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Figure 95: LF modelled type curve for buildup period Case 4 
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Figure 96: Comparison of LF modelled buildup type curves for Cases 3 and 4
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6.3 DIAGNOSTIC RECOMMENDATIONS 
In this chapter, the author has recommended strategies for diagnostic programs to allow 
verification of the barrier placement using short-term data derived from the hydraulic 
fracturing treatment or post-placement surveillance using PTA. These data would be analysed 
in simulators or using analytical methods.  
For verifying the physical barrier placement, a combination of treatment pressure history-
matching and surface deformation tiltmeter mapping is recommended to understand the 
distribution and potentially determine the volumetric displacement created by the barrier 
placement. Further research into microseismic or seismic technologies may be employable but 
will require further experimentation based on the low magnitude of responses generally 
observed during past hydraulic fracturing experiments in coals. Note that any tiltmeter 
deployments must be modelled and spaced appropriately considering the rock mechanical 
properties, distance between packer placements along the lateral, expected injection rates and 
volumes and residual volumes anticipated to be created by the barrier placements. 
For the surveillance of barrier effectiveness in reducing fluid influx into the pre-drainage area, 
observation wells within and outside the area of pre-drainage are recommended and will 
require some pre-placement modelling based on the coal permeability, anisotropy, and degree 
of natural fracturing. The recommended frequency of observation wells on the exterior of the 
drainage area should be an adequate number to allow development of boundary dominated 
pressure responses during simultaneous, multi-well, short-term, drawdown and buildup tests. 
Internal observation wells may observe pressure transients from the multi-well drawdown and 
buildup testing, but the potential scenarios that may arise are too numerous to address during 
the course of this research. Their main role is to observe long-term drainage efficiency and 
reduce the non-uniqueness associated with PDA or reservoir modelling, a long term 
diagnostic method. Their frequency could be equal to or less than the exterior observation 
wells and adjusted over time, based on experiences in the areas of implementation. 
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7. MODELLING ECONOMIC BENEFIT 
7.1 INTRODUCTION 
This chapter outlines the input parameters and economic outcomes derived from a Monte 
Carlo simulation using a range of water and gas production, cost and income economic input 
distributions. The gas and water production outcome distributions are the primary input into 
the model and were derived from the uncertainty analyses of Chapter 5; they will be sampled 
as distributions in the economic analyses along with expected costs and incomes based on 
varying reservoir dip and timing between the start of pre-drainage and coal mining. As most 
mining and coal seam gas (CSG) provinces have evolved to either joint tenures or coordinated 
tenures between CSG and mining entities, it was deemed that some reasonable time would be 
allowed to pre-drain the reservoir by means of production. To account for this in the 
economic modelling, 6-10 years of pre-drainage is considered in advance of mining as a 
variable input into the economic MCS model.  
The remainder of the parameters were derived from distributions of data collected from 
varying sources including the CSG industry. Recent articles have substantiated the estimates 
of future gas pricing for Eastern Australia used in this research based on high visibility and 
perceived shortages of gas expected as a result of liquefied natural gas (LNG) exports 
commencing in Eastern Queensland in 2014-2015. Further, the environmental impact of 
ongoing gas influx (i.e., fugitive mine emissions) into operating then abandoned mine works 
from the surrounding unmined and undrained coal reservoir is evaluated as a cost. In reality, 
as the percentage of target seam gas may be a small portion of the overall post-mining gas 
influx, 50-75% of this gas should be considered as fugitive, even if a large portion is used as 
fuel. 
The cost calculation is based on two scenarios of carbon pricing and varying whether the 
remnant influx is consumed as fuel or is considered fugitive mine emissions under each 
scenario. The first covers from nil to the current EU market based emissions trading scheme 
(ETS) (as of July 2013), while the second covers the range from the current EU market based 
emissions trading scheme (ETS) to Australian Treasury estimated long-term carbon costs 
(also as of July 2013). The analyses in this chapter will calculate an internal rate-of-return 
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(IRR) and the net present value (NPV) based on the monetary discount rate, which is inputted 
as a distribution. 
7.2 ECONOMIC PARAMETERS 
The first pre-drainage cost that needs to be considered in an economic model is the cost of the 
wells and installation of the barriers. The model uses current (i.e., 2013) well pricing to the oil 
and gas industry with a variable contingency (i.e., 10-30%) on well and barrier placement 
costs to manage uncertainties regarding the installation of the barrier. The current well cost is 
based on the current costs for drilling, completing and fracturing a horizontal CSG well as it 
would use similar equipment and operations, substituting FMM for the larger volume of 
fracturing fluids normally required. Next, the installation of barriers before or concurrent with 
the commencement of pre-drainage under most moderate to high-permeability scenarios 
creates a sunk cost and potential impact on the income derived from the sale of pre-drainage 
gas, and may positively or negatively impact the production of water. Thus, this economic 
model, which includes a benefit of gas sales into the Eastern Australia market, accounts for 
the differential in gas production as an income or loss to the overall project and evaluates the 
NPV of the project to account for the sunk costs and advanced timing of pre-drainage.  
The Eastern Australia market gas price is considered to eventually be linked to export LNG 
pricing after commencement of LNG shipments from the Gladstone LNG-proponent plants 
under construction and expected to commence exports in 2014-2015. The most recent long-
term price contract publically reported was based on Origin CSG gas delivered into the Mt Isa 
market to AGL at approximately $5.50/GJ, which has raised the expectation that gas rates 
between $6.00 and $9.00/GJ would be common in the near future (Chambers and Kitney, 
2011). LNG netback pricing by gas industry market experts is set to exceed $9.00/GJ on LNG 
start up to $16/GJ in the future (Langford, 2013); therefore a range of pricing was evaluated 
as a distribution from a $6.00/GJ low, to $9.00/GJ expected value, and $16/GJ high-case. 
Water management is a large expense for pre-drainage as well as ongoing mining operations. 
Water handling via a surface reticulation system and vertical drainage wells requires less 
equipment, personnel management, and can be automated using surface installed equipment. 
Underground water reticulation and pumping systems used to drain in-seam drainage wells or 
water influx into the mineworks require more personnel management underground, higher 
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lifting costs, and still require the interface and management of surface a reticulation system. 
The researcher was unable to determine a published cost per unit water to derive a differential 
between surface and downhole water management for the economic modelling. Therefore, 
savings were applied in the economics for water managed or pre-drained as a result of the 
installation of a barrier based on user defined cost multiplier for post-drainage relative to pre-
drainage water management (i.e., low of 50% to high of 200% additional cost).  
After mining commences a cost for water that would have differentially been mitigated by the 
barrier installation are considered as a savings or cost until the end of mining, estimated to be 
finished 3 years from start. The base costs for surface pre-drainage water management were 
taken from published CSG water surface gathering and disposal costs for the Eastern QLD 
CSG areas for three cases based on the end-usages of the water: for mining use A$ 0.46/bbl 
(low), feedlot use A$ 1.39/bbl (mid), and deionisation for municipalities or surface discharge 
A$ 3.25/bbl (high) (Brinckerhoff, 2011). As this is considered to be water produced in a 
mining area with potentially other pre-drainage or mining operations in progress, all options 
for disposal must be considered in the economic modelling. Both surface and underground 
water mitigation costs are adjusted based on a yearly inflation rate from the base costs. 
After commencement of mining, any differential gas production that would otherwise be 
mitigated by barrier placement should be considered either as fuel or fugitive gas emissions 
and there should be an environmental and potential carbon cost benefit associated and 
accounted in the economic model for the barrier placement. In this model, the mitigated fuel 
and fugitive gas differentials by the barrier placement are considered in the economic model 
as a benefit under potential market based scenarios for carbon emission trading or pricing 
schemes. Even without a direct carbon pricing benefit of the fugitive gas portion, there is the 
environmental benefit that may be potentially important for investor relations or alternative 
‘green’, or environmentally conscious incentive capital that can be government subsidised or 
offered at below normal market rates. Any further mitigation of the fugitive gas portions 
outside the use as fuel are not considered in this case and would have to be considered in 
addition or comparison to the costs of a barrier placement strategy. 
Therefore, two scenarios were considered for remnant emissions in the modelling: the first 
used current EU costs per ton of CO2e derived then rising to projected long term carbon costs 
based on the Australian Treasury Department; whilst the second uses no carbon cost to the 
 169 
 
current EU costs per ton of CO2e to address a position of minimal to no carbon costs 
attributed to the differential mitigated gas. Both the fuel and barrier mitigated gas volumes are 
considered separately based on their respective carbon costs for each carbon costing scenario. 
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Table 9: Data and parameters used in economic modelling  
Data Most likely 
value(s) 
Source Method of input into model 
Well and barrier 
installation costs (kA$) 
2500 User defined based on 2013 
market costs based on 1500 m 
lateral well plus frac 
Triangular distribution, low -
15% (2125) to high +25% 
(2875) based on most likely 
value 
Contingency (%) 17.5 Estimated Uniform distribution, 10% 
minimum to 25% maximum 
Water and gas 
production rates 
0.5 
 
Sampled from distributions of 
potential production outcomes 
modelled in Chapter 5 with and 
without barriers and constant -1 
deg or from distribution with 
variable -1 to -10 deg reservoir 
dip 
NPV analyses: uniform 
distribution, 0.01 minimum to 
1.0 maximum 
Sensitivity analyses: P10, and 
P99 relative to P50 case 
Gas pricing (A$/GJ) 9 Articles (Chambers and Kitney, 
2011), Gas Market Consultant 
(Langford, 2013) 
Triangular distribution, low 
$6/GJ to high or LNG based 
value $16/GJ 
Surface water 
management costs 
(A$/bbl, CSG industry) 
1.39 Report to QLD DNR 
(Brinckerhoff, 2011) 
Triangular distribution, low 
$0.46/bbl to high $3.25/bbl 
Underground water 
management multiplier 
to surface management 
costs (A$/A$) 
2.25 User defined Uniform distribution, 50% 
minimum to 200% maximum 
increases over surface 
Annual inflation rate 
(A$/A$) 
0.035 User defined Uniform distribution, 3% 
minimum to 4% maximum 
End of year mining start 
(year) 
8 User defined Uniform distribution, 6 year 
minimum to 10 year maximum  
Carbon costs post-
mining (A$/MMscf) 
940 
 
 
Scenario 1: July 2013 EU 
carbon cost or emissions 
trading scheme (ETS) to 
projected Australian Treasury 
estimates (AAP, 2013) 
Triangular distribution, A$6.20/t 
CO2e (A$2586/MMscf fugitive 
and A$323/MMscf fuel gas) 
minimum to A$38/t CO2e 
(A$15,851/MMscf fugitive and 
A$1982/MMscf fuel gas) 
maximum 
 1320 Scenario 2: No current carbon 
cost to July 2013 EU ETS in 
effect (AAP, 2013) 
Uniform distribution, A$0/t CO2e 
(A$0/MMscf fugitive and 
A$0/MMscf fuel gas emissions) 
minimum to A$6.2/t CO2e 
(A$2586/MMscf fugitive and 
A$323/MMscf fuel gas) 
maximum 
Barrier mitigated fugitive 
gas to total remnant 
influx gas ratio (vol/vol) 
0.625 User defined Uniform distribution, 50% to 
75% of remnant gas is 
attributed to fugitive emissions 
Cash discount rate 
(A$/A$) 
0.08 User defined Uniform distribution, 6% to 10% 
Gas royalty rate (QLD, 
A$/A$) 
0.10 User defined Constant 
Number of wells required 5 User defined 
 
Based on blocked area 
perimeter, 1500 m wells 
Gas heating value 
(GJ/Mscf) 
0.96 User defined Constant, based on 99% 
methane, ~1% inert gases 
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7.3 ECONOMIC MODELLING 
7.3.1 Introduction 
The economic modelling is based on the costs to install a barrier in a pre-drainage model 
above otherwise incurred gas pre-drainage costs (e.g., internal drainage wells, coring, 
formation evaluation, and infrastructure). The assumptions of the economic modelling are: 
 gas pre-drainage would have occurred in any case, so operating and production costs 
of the mine are not considered in the economic evaluation of the barrier placement;  
 the start date of mining is varied as it affects inflationary costs and NPV calculations;  
 gas and water incomes or costs are differentially calculated between 0% and 99.9% 
BE cases before the start of mining;  
 water costs are added on an adjusted cost basis until the end of mining or 3 years from 
start of mining;  
 all gas is considered to be methane and can be sold into the Eastern Australian gas 
market; and  
 differential gas production during and after mining (i.e., between 0% and 99.9% BE 
cases) are modelled to the end of the 20-year period as either fuel or fugitive emissions 
and resulting savings attributed to the project for each respective emission type under 
each previously described ETS scenario. 
All values are input into an Excel-based MCS as distributions, and IRR and NPV calculated 
to 20-years based on an analysis of the values at the end of year 20. Any Excel add-in MCS 
would suffice for the calculations; this particular add-in used employed Latin hypercube 
sampling from a random number seed and performed 25,000 trials. Then, sensitivity analyses 
of the end points of either uniform or triangular distributions were evaluated relative to the 
P50 value. The use of the end-point values of poorly defined distributions was made to assure 
a true sensitivity was obtained from the breadth of the uncertainty.  
The most difficult part of the economic modelling process was developing a methodology to 
create potential production scenarios based on uncertainty analyses results from Chapter 5. 
This methodology, which is a key aspect of the workflow, will be outlined in the next section 
followed by the analyses of the two sets of two scenarios comparing 0% and 99.9% BE barrier 
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placement between -1 constant and sampling from a distribution from-1 to -10 deg reservoir 
dip using the two current prevailing views on future ETS effects. 
7.3.2 Production Outcome Generation within the Economic Model 
The uncertainty analyses results outlined in Chapter 5 provide a range of production 
outcomes, which are dependent on permeability based on the sensitivity analyses. The 
production outcomes from the uncertainty analyses of the pre-drainage case, like most 
unconventional reservoirs, exhibit a log normally distributed range of outcomes. The 
requirement was to create a process whereby these data could be analysed in an economic 
framework to derive the range of NPV and IRR outcomes. This was done in a stepwise 
manner creating a methodology by which production results for each of the two sets of two 
scenarios (i.e., 0% and 99.9% BE barrier placement and -1 constant and sampling from a 
distribution from-1 to -10 deg reservoir dip) of the uncertainty analyses could be sampled 
from their respective distributions and create production differentials in order to establish the 
economic outcomes under each set of ETS conditions.  
The production outcome generation was accomplished as follows: 
 First, at each time step and for each of the 256 cases comprising the distributions of 
the two sets of two scenarios, a log normal mean and standard deviation for both water 
and gas cumulative production was obtained at each time step and under each scenario 
condition (i.e., 0% and 99.9% BE and -1 constant to variable -1 to -10 deg reservoir 
dip). These results were also tabulated in a manner to allow a ‘lookup function’ in 
Microsoft® Excel for transference into the economic model spreadsheet, based on time 
steps in the respective economic model (ETS or minimal ETS). 
 Next, a ‘production probability outcome’ function was defined in the MCS to generate 
a random value from a uniform distribution of numbers ranging from 0.001 to 0.999. 
 Then, for each respective time step of the economic model, based on the log normal 
mean and standard deviation for water and gas cumulative production at that time step, 
this ‘production probability outcome’ value was input as the cumulative distribution 
value, or probability, to derive corresponding production cumulative volume for gas 
and water at each time step from each of the two sets of two scenario distributions. 
 Thus, for each ‘gas production probability outcome’ the creation of cumulative 
differential volumes 0% and 99.9% BE for both -1 constant to variable -1 to -10 deg 
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reservoir dip were derived, from which the two ETS scenarios could evaluate 
economic outcomes. 
7.3.3 Modelling Outcomes under the Current EU Market to Australian Treasury 
Projected ETS Costing (as of July 2013) 
A carbon cost was introduced into Australian legislation with the Clean Energy Act 2011; 
however, there is uncertainty on its continuance with the current government’s introduction of 
the Clean Energy Legislation (Carbon Tax Repeal) Bill 2013 to repeal carbon taxation. As the 
outcome is uncertain, the first set of economic outcome distributions are based on the existing 
(as of July 2013) and potential future ETS costs for fuel or fugitive emissions based on the 
Australian Treasury estimates (Table 9).  This CO2e cost was analysed based on a range from 
a $6.20/t CO2e low to a $38.00/t CO2e high basis. The results were considered for both a -1 
constant and a -1 to -10 deg reservoir dip and production differentials determined 
probabilistically between the 0 and 99.9% BE cases for each time step. Overall, 25000 trials 
were performed using an Excel-based, Monte Carlo simulator. 
Figures 97 and 98 provide the histogram and cumulative probability distribution output, 
respectively, for the 0 and 99.9% BE with -1 deg constant reservoir dip and the current ETS. 
NPV sensitivity (Figure 99) indicates the gas solution outcome probability, a proxy for 
permeability, the cash discount rate charged to the project, and the ETS carbon cost are the 
three primary variables, with permeability being the most influential. Although this case is 
only NPV positive > P91 outcome, or 91st percentile, the IRR histogram and cumulative 
probability distribution output (Figures 100 and 101) indicate that it is cash positive beyond 
the P03 outcome. Sensitivity analysis of the IRR (Figure 102) indicate that the gas solution 
outcome probability, a proxy for permeability, and the ETS carbon cost are the two primary 
variables impacting the IRR. A full detail of the statistics for Monte Carlo analyses for the 0 
and 99.9% BE with -1 deg constant reservoir dip and the current ETS is located in Table 10, 
located at the end of section 7.3. 
Similarly, when evaluating outcomes for 0 and 99.9% BE with outcomes derived from 
distributions of -1 to -10 deg reservoir dip, the histogram of outcomes for NPV (Figure 103) 
indicates with the current ETS, the project also requires a >P92 outcome to remain NPV 
positive (Figure 104). In the sensitivity, NPV is again most affected by the gas solution 
outcome probability, cash discount rate, and carbon cost as the three primary variables (Figure 
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105), with permeability being the most influential in NPV. With regards to IRR, the 
histogram (Figure 106) and cumulative probability distribution output (Figure 107) indicate 
that the installation would be cash positive from the >P02 outcome, showing the projects 
reliance to be NPV positive as a function of the cost of capital. With IRR sensitivity, 
permeability and carbon cost maintain dominance in the outcomes of IRR (Figure 108) just as 
in the constant reservoir dip case. The tabular data of quartiles and statistics indicate there 
relatively little change between the constant -1 using an input distribution varying from -1 to -
10 deg reservoir dip cases (Table 10). 
 
Figure 97: Histogram of NPV output based on Monte Carlo analysis of economic parameters using -1 deg 
constant reservoir dip and current ETS in effect 
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Figure 98: Cumulative distribution function of NPV output based on Monte Carlo analysis of economic 
parameters using -1 deg constant reservoir dip and current ETS in effect 
 
Figure 99: Sensitivity analysis of NPV using P10, P50, and P99 economic parameters and based on -1 deg 
constant reservoir dip and current ETS in effect 
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Figure 100: Histogram of IRR output based on Monte Carlo analysis of economic parameters using -1 deg 
constant reservoir dip and current ETS in effect 
 
Figure 101: Cumulative distribution function of IRR output based on Monte Carlo analysis of economic 
parameters using -1 deg constant reservoir dip and current ETS in effect 
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Figure 102: Sensitivity analysis of IRR using P10, P50, and P99 economic parameters and based on -1 deg 
constant reservoir dip and current ETS in effect 
 
Figure 103: Histogram of NPV output based on Monte Carlo analysis of economic parameters based on a 
distribution varying from -1 to -10 deg reservoir and current ETS in effect 
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Figure 104: Cumulative distribution function of NPV output based on Monte Carlo analysis of economic 
parameters based on a distribution varying from -1 to -10 deg reservoir and current ETS in effect 
 
Figure 105: Sensitivity analysis of NPV using P10, P50, and P99 economic parameters and based on a 
distribution varying from -1 to -10 deg reservoir and current ETS in effect 
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Figure 106: Histogram of IRR output based on Monte Carlo analysis of economic parameters based on a 
distribution varying from -1 to -10 deg reservoir dip and current ETS in effect 
 
Figure 107: Cumulative distribution function of IRR output based on Monte Carlo analysis of economic 
parameters based on a distribution varying from -1 to -10 deg reservoir dip and current ETS in effect 
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Figure 108: Sensitivity analysis of IRR using P10, P50, and P99 economic parameters and based on a 
distribution varying from -1 to -10 deg reservoir dip and current ETS in effect 
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remains negative at <P99 outcome and is totally reliant on its potential environmental benefits 
as a project.  
The IRR histogram and cumulative probability distribution output (Figures 112 and 113) 
indicate that the project can remain cash positive at >P38 outcome. Sensitivity analysis of the 
IRR (Figure 114) indicate that the carbon cost is the most influential variable on lowering 
project IRR, largely as a result of decreasing savings attached to fuel or fugitive emissions. 
The permeability is the next most influential variable in the sensitivity analysis and can carry 
the IRR positive for moderate to high permeability cases.  
Based on little change except for the minimum value and 1st quartile outcomes for the IRR in 
the -1 to -10 deg varying reservoir dip case, no plots were included for the varying -1 to -10 
deg reservoir case (Table 10). A full detail of the statistics for Monte Carlo analyses for the 0 
and 99.9% BE with -1 deg constant reservoir dip and with -1 to -10 deg varying reservoir dip 
with minimal to no ETS are located in Table 10, at the end of section 7.3.  
 
Figure 109: Histogram of NPV output based on Monte Carlo analysis of economic parameters using constant -1 
deg reservoir dip and none to EU Market ETS (July 2013) in effect 
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Figure 110: Cumulative distribution function of NPV output based on Monte Carlo analysis of economic 
parameters using constant -1 deg reservoir dip and none to EU Market ETS (July 2013) in effect 
 
Figure 111: Sensitivity analysis of NPV using P10, P50, and P99 economic parameters and based on constant -1 
deg reservoir dip and none to EU Market ETS (July 2013) in effect 
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Figure 112: Histogram of IRR output based on Monte Carlo analysis of economic parameters using constant -1 
deg reservoir dip and none to EU Market ETS (July 2013) in effect 
 
Figure 113: Cumulative distribution function of IRR output based on Monte Carlo analysis of economic 
parameters using constant -1 deg reservoir dip and none to EU Market ETS (July 2013) in effect 
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Figure 114: Sensitivity analysis of IRR using P10, P50, and P99 economic parameters using constant -1 deg 
reservoir dip and none to EU Market ETS (July 2013) in in effect
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Table 10: Output statistics of Monte Carlo simulations using economic parameters and assumptions 
Statistics Current ETS scheme and 
constant -1 deg reservoir dip 
Current ETS scheme with 
variable -1 to -10 deg reservoir 
dip 
None to EU Market ETS (July 
2013) scheme and constant -1 
deg reservoir dip 
None to EU Market ETS (July 
2013) Scheme with variable -1 
to -10 deg reservoir dip 
NPV (AU k$) IRR (%) NPV (AU k$) IRR (%) NPV (AU k$) IRR (%) NPV (AU k$) IRR (%) 
Mean -$8,396 5.0% -$8,533 5.0% -$12,632 0.4% -$12,886 0.8% 
Standard 
deviation 
$5,963 2.4% $6,092 2.2% $2,254 2.8% $2,258 2.3% 
Mean 
standard 
error 
$38 0.0% $39 0.0% $14 0.0% $14 0.0% 
Minimum 
value 
-$22,988 -10.5% -$23,125 -9.9% -$21,388 -12.4% -$21,325 -10.0% 
First 
quartile 
value 
-$12,350 3.6% -$12,600 3.6% -$14,152 -1.2% -$14,412 -0.6% 
Median -$9,582 5.3% -$9,734 5.2% -$12,797 0.8% -$13,035 0.8% 
Third 
quartile 
value 
-$5,706 6.6% -$5,850 6.6% -$11,304 2.4% -$11,573 2.3% 
Maximum 
value 
$35,345 11.1% $44,053 11.1% $3,348 7.5% $1,138 7.7% 
Skewness 1.5486 -0.9265 1.6241 -0.6965 0.5238 -0.7703 0.5089 -0.5917 
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7.4 SUMMARY OF RESULTS 
The economic analyses show that without any ETS or driving environmental concern, there 
would be little incentive, on an NPV basis, to implement barrier placements in an 
environment where carbon costs as a result of fuel or fugitive emissions were disregarded. 
However, in an environment where carbon costs are an uncertainty, there is a business case to 
consider that gas emission savings of up to A$ 35.3 million NPV can be gained to a high-
permeability project by implementing barrier placements (see Table 10, Columns 1 and 3, 
maximum NPV values with a constant -1 and sampling from a distribution from -1 to -10 deg 
reservoir dip). Considering a 33% probability that future governments may impose some form 
of carbon costing creates an expected value of NPV up to A$ 11.8 million, still a sizable 
consideration for implementing barriers.  
In terms of IRR, provided the internal cost of capital for environmental projects is considered 
at a lower threshold than other capital projects, the implementation of barrier placements is 
cash positive for nearly every case (>P02) and with an ETS in place would be NPV positive 
for many cases if a lower cost of capital is associated with environmental improvement 
projects. Without an ETS, only moderate to high production cases (>P38) produce positive 
IRR outcomes.  
Based on the distributions of permeability input into the CMOST uncertainty analyses (Figure 
46), a >P38 permeability input into the production model for ki-direction, the orthogonal 
permeability to the drainage laterals, corresponds to a permeability value (ki-direction) >15 mD. 
Thus, the benefit of a barrier placement is economic in moderate to high permeability values 
in the direction orthogonal to the pre-drainage lateral wells. 
Understandably, before implementing each project needs to be considered on a case-by-case 
basis using current market data (e.g., costs, gas pricing) and prevailing views of likely ETS 
impacts. 
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8. CONCLUSIONS AND RECOMMENDATIONS 
8.1 CONCLUSIONS 
In this thesis, a thoroughly evaluated methodology has been proposed for the design, 
execution, evaluation, and verification of barrier placements to improve pre-drainage in coal 
mining. This methodology has been detailed on a technical basis from Chapters 3 through 6 
using workflows that detail the individual processes of design, implementation, evaluation, 
and verification as outlined in Chapter 1, Figure 2. An economic analysis framework was 
established in Chapter 7 to demonstrate the potential economic benefits derived from a barrier 
placement for consideration by the industry for current and future pre-drainage projects. The 
reservoir modelling illustrates how reduced gas influx can result from a barrier 
implementation in a pre-drainage scenario and proposes optimisations that can be used on a 
case-by-case basis. Ultimately, the environmental benefits of barrier placement may override 
economic considerations by offering a means for the underground coal mining industry to 
demonstrate its ability to effectively reduce fugitive gas emissions in an increasingly carbon 
conscious world.  
To introduce the barriers is a $15 million investment per pre-drainage area; as 
aforementioned, monitoring and surveillance costs were not added as it was assumed there 
would be some technical services costs budgeted for pre-drainage monitoring in any case. 
Before committing funds for any new process such as barrier implementation, the queries 
management would ask might include:  
 is the process expected to be NPV positive on my investment on a project add-on 
basis;  
 what is the IRR % (i.e., what portion is it believed to be covering my cost of capital 
relative to other potential outlays on a project basis); or  
 is there another compelling concern or reason (e.g., safety, environmental, operational) 
to trial this technology that would improve profitability or alleviate a risk or concern 
elsewhere in the project or organisation? 
Economically, implementing barrier placements is cash positive for nearly every case where 
an ETS is in place and could be NPV positive for every case if a lower than market cost of 
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capital is associated with environmental improvement projects. Without an ETS, only 
moderate to high permeability cases (>P38 or >38th percentile) produce positive IRR 
outcomes. Based on the sensitivity analyses, economic benefits are dependent on the 
production outputs and production outcomes are dependent on the input permeability; thus, a 
>P38 positive IRR outcome roughly correlates to a >P38 permeability value from the input 
distributions, or >15 mD.  
It has been shown through this example case that in an environment where carbon costing is a 
reality, then up to A$ 35.3 million NPV can be gained by implementing barrier placements in 
a high-permeability project. Even if one considers only a 33% risking on future governments 
imposing carbon costs on fuel and fugitive gas emissions, this makes the expected value of 
NPV up to A$ 11.8 million, a sizable consideration for any project. Whilst this is possible for 
these example cases, each project needs to be considered on a case-by-case basis using current 
market data (e.g., costs, gas pricing) and prevailing views of likely ETS impacts. 
8.2 RECOMMENDATIONS FOR IMPLEMENTATION 
8.2.1 Overview 
This research was designed to demonstrate the deployment methodology, prove the economic 
benefit, and outline potential environmental benefits possible for the mining industry by 
implementing barrier placements in pre-drainage for coal mining. The main recommendation 
from this research is that the processes of a barrier placement involving the design, execution, 
evaluation and verification steps recommended in this thesis are implemented in as thorough 
and complete a manner as possible in a pilot project. This pilot should be sited in an area 
where the geology is relatively well known and gas influx has been historically problematic 
and continues post-mining. By thoroughness of data collection, model implementation, and 
verification in the pilot implementation, it is believed that this technology will derive a 
positive result thereby achieving faster uptake by the industry and greater environmental and 
economic impact. Further, the environmental benefit of mitigating fugitive emissions may 
provide long-term viability for underground coal mining in an increasing carbon adverse 
business climate. The following sections provide a summary of key findings and 
recommendations made in this research towards a successful barrier implementation. 
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8.2.2 Barrier Placement Design and Execution 
The barrier placement design process was demonstrated as a series of workflows which 
clearly define key differences between a conventional CSG hydraulic fracture design for 
production and the increased information and outlined the specific requirements required for a 
barrier placement. These workflows indicated how and where key information is acquired and 
derived for hydraulic fracturing modelling and post-placement reservoir simulation. Examples 
of deployment strategies were presented and recommendations made for the most effective 
currently available deployment methodology– a horizontal lateral using swell packers and frac 
sleeves to implement a barrier placement treatment using colloidal silica FMM.  
Workflows were presented to define the key processes required to calibrate the barrier 
placement design strategy through data acquisition, well testing and pilot well implementation 
and recommendations were made that provide continuous design improvement through 
feedback loops as the placement implementation proceeds. It was demonstrated through the 
use of an analogue example from a Surat Basin experiment, how data integration and 
calibration is performed to produce vertical and lateral formation descriptions. These reservoir 
descriptions are the key outcomes of the design workflows and the required inputs into the 
hydraulic fracture and reservoir simulators for further evaluation. 
Hydraulic fracture modelling, using the GOHFER® hydraulic fracturing simulator, 
demonstrated through two example cases (i.e., 30 mD and 300 mD average permeability) how 
barrier placements are designed and optimised to provide adequate coverage over a lateral 
section of coal using a horizontal well deployment and hydraulic fracturing with a non-
permeable FMM. The process involved defining the placement of stages as well as 
determining the injection rates and volumes required to create a continuous barrier along a 
proposed lateral well using sensitivity analyses. Then the outputted volumes and rates from 
the sensitivity analyses were used to model the resulting barrier dimensions for an example 
lateral in the GOHFER® hydraulic fracturing simulator.  
Next a strategy was effectively presented to allow a user to input FMM properties into current 
commercial hydraulic fracturing simulator (e.g., GOHFER®) to model the barrier placement. 
Recommendations regarding characterisation of fluid viscosity and leakoff data for the final 
design formulation were made, and it is recommended that the testing of any FMM be 
performed in a properly equipped hydraulic fracturing fluids laboratory prior to actual 
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implementation. In addition to testing the actual materials for data input into the hydraulic 
fracturing simulator, it is recommended that the testing regime should develop a field 
deployable, quality control strategy to verify long term performance characteristics of the 
FMM onsite during the placement operations. This strategy should incorporate interaction 
testing with formation materials and actual treatment chemicals.  
Whilst the demonstration of a barrier placement was robust for the example case, it is 
important to remember that the created barrier dimensions (i.e., height, length, width and 
solids concentration) as well as final packer placements, treatment rates, and volumes are 
likely to have much higher variability and require more iterations than have been depicted 
from these example cases. Therefore, throughout the design and execution workflows, 
guidance has been provided on how to: differentiate, evaluate and adjust treatments to achieve 
better coverage; establish and optimise individual interval lengths along the lateral; and 
manage varying lithology or more complex geological conditions where they exist. 
As previously noted, this has been an investigation on a single seam scenario. In practice, 
post-mining fluid influx can result from mining disturbances as well as fault or joint 
activation, introducing other contributory reservoirs or seams to the post-mining problem. 
This may require additional barrier placements with alternative geometries to accommodate 
multi-seam aspects. The potential of these scenarios should be considered in the 
implementation plan and investigated in a similar manner using the same guidance and 
workflows for the single seam installation. 
8.2.3 Barrier Placement Evaluation 
It is recommended before commencing a barrier placement pilot in any area, that practitioners 
heed the steps involved in scoping a general model, understanding key sensitivities, then 
modelling potential production outcomes using the workflows provided in a robust reservoir 
simulator as outlined in Chapter 5. A general model should be built for the prospective area 
and should incorporate more detail on well performance than was presented for the example 
case. For example, artificial lift efficiency, formation skin damage, and wellbore trajectory in 
the drainage wells will affect drainage patterns or individual well production efficiencies 
within the pre-drainage area. Once these variables are defined and calibrated to known 
production, then a sensitivity analysis of history-matched variables can be performed to 
understand what level of permeability reduction is required of the barrier placement.  
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The final step before implementation and the basis for economic project analyses are 
determining the potential production outcomes with and without the barrier placement as 
illustrated in this research. As described, the uncertainty analyses should be performed 
investigating variables that indicate a high dependency to the production outcomes in 
sensitivity analyses. Further, the range of variables should encompass the extent of 
uncertainty in each variable to derive as reasonably broad a range of production outcomes. As 
demonstrated in this case, where data available is limited, the input parameter distributions 
used in the uncertainty analyses should be as broad as possible in order to preserve the 
uncertainty and leave the outcomes as unbiased as possible (e.g., triangular and uniform 
distributions for limited data). 
8.2.4 Barrier Placement Verification 
In Chapter 6, the author presented diagnostic methods to verify the placement during 
implementation as well as provide surveillance to assure the effectiveness of the barrier. 
Whilst hydraulic fracture modelling and the use of diagnostics in CSG exploration and 
development have progressed, broad application and consistent results across multiple areas 
of the industry still have not been achieved. Any research and improvements in diagnostic and 
verifiable models derived in conjunction with barrier placements will fast track development 
of the technology for both CSG and barrier placement implementation. This is an area of 
synergy that should be exploited for the benefit of both applications. It is recommended that 
for an initial barrier placement in any area that an integrated diagnostic study, incorporating a 
number of the technologies outlined in Chapter 2 and as outlined in Chapter 6, be performed 
in a vertical pilot well with the FMM prior to drilling and applying in the lateral environment.  
Regarding the specific diagnostic of microseismic monitoring in coals, there continues to be 
difficulties in application of this diagnostic technique due to low incidence of events, low 
magnitudes of events and high noise surrounding the pumping equipment on the surface. As 
barrier placements are generally pumped at lower rates, placed in a lateral away from the 
injection equipment, and use higher viscosity fluids over a treatment, the differential between 
noise threshold and event magnitude may be higher allowing more effective monitoring of 
barrier placements than are observable in typical CSG applications. 
Finally, in Chapter 6, the research outlined potential strategies for pressure observation well 
placements and the need to consider reservoir parameters and well testing outcomes when 
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deciding observation well placement. Through a discussion of well testing feasibility and 
limitations, the research has demonstrated how a placement where boundary dominated flow 
can be created is the most effective means of quantifying the barrier’s effectiveness. Long 
term internal (inside the pre-drainage area) and external pressure monitoring wells can 
provide reservoir surveillance to assure the stability and maintenance of the barrier. However, 
a surveillance strategy dependent on long-term pressure observations is less dependable and 
can be more non-unique in its conclusions than an active PTA programme, implemented 
through a properly pre-designed observation well placement strategy.  
A thorough understanding of the reservoir parameters and additional information gained from 
the vertical pilot well and the lateral placement well are necessary to complete the observation 
well placement strategy. Certainly some microseismic monitoring wells may provide dual 
suitability acting as observation wells during the placement and post-placement phases of the 
project; however, if misplaced for observation wells, they should be abandoned and 
observation wells redrilled in proper locations to assure their placement is such that boundary 
dominated flow can be created during any drawdown testing. 
8.2.5 Barrier Placement Economics 
In Chapter 7, the thesis develops the economic modelling framework required to evaluate the 
resulting economic benefit of a barrier placement based on prospective scenarios for gas sales 
into the Eastern Australian gas market. This framework highlighted key uncertainties and 
variables affecting economic outcomes (e.g., barrier placement costs, gas sales and pricing, 
water handling/disposal costs, cost of capital, timing of implementation, etc.) and evaluated 
results based on two potential scenarios for carbon costs for fuel and fugitive emissions that 
may be in effect at the time of mining and thereafter.  
In the course of populating production outcomes into the economic model, the research 
derived and outlined a methodology to sample potential production scenarios derived from 
uncertainty analyses in a reservoir simulator. This allowed the reservoir to create a reasonable 
distribution of outcomes (256 trials) so that a broader distribution could be sampled in the 
MCS. This formed the backbone of the economic framework, whereby any number of 
variables could be evaluated against the backdrop of the differential production outcomes 
expected between cases where a barrier placement does or does not exist to aid pre-drainage. 
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8.2.6 Operational Mine Implementation: Challenges and Considerations 
Currently, the author believes that barrier implementation will require additional research or 
an immediate necessity for early take-up by the industry if an ETS is not in place to provide 
an environmental impetus for implementation. There are several areas requiring further 
consideration before the process can be directly implemented into a mining operation. For 
example, integration of a barrier plan must be made holistically with the overall mine plan 
and consider reserves depletion, long wall sizing, process improvements into the future, and 
potential acceleration of mining. In addition, barrier placements using steel casing and non-
removable FMM could pose hazards or sterilise areas for mining. Conversely, previously 
noted problematic multi-seams or adjoining reservoirs that introduce fluids influx as a result 
of mining might be mitigated by pre-planning and placement of barriers. 
All potential risks associated with the barrier placement (e.g., hazards, outburst potential from 
zonal isolation, etc.) should all be assessed as early as possible in the mine planning processes 
to allow barriers to improve the coal mining pre-drainage process. Taking outburst potential 
as a potential risk for assessment, this research has shown that the best implementation of 
barriers is in moderate- to high-permeability coal seams. Further, we have noted that a series 
of barrier placements would be best implemented not as a single placement but planned over 
the entire mine drainage area. Since moderate- to high-permeability seams are most easily 
drained and less risk for outburst potential, than low- or variable-permeability seams, outburst 
incidences are less likely to occur as potential pressure sources are moved further from the 
area of mining. In a similar manner, each operational, production, or reserve implication 
arising from a barrier placement must be risk assessed individually to allow tailoring of the 
barrier placement design to the final mine plan. 
8.3 RECOMMENDATIONS FOR FURTHER RESEARCH 
Whilst the author has investigated a number of FMM for application in barrier placements, 
there exists a gap in environmentally friendly materials available for barrier placement in the 
coal mining environment. The use of non-toxic materials (i.e., currently limited to 
cementatious, colloidal or solution silica materials) is essential to mining operations as a 
result of incidence of freshwater aquifers, potential hydrodynamic interconnection of coals to 
broader aquifer systems, and potential beneficial reuse of produced water to belay 
environment concerns of stakeholders and maintain a social license to operate.  
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Silicate based systems are capable of meeting the key criterion and environmental 
compatibility. Ongoing research in the areas of nano-materials and surfactant enhancements 
to aid penetration and stimulation in tight coals (Keshavarz et al., 2014) could be adapted with 
a damaging rather than a non-damaging base fluids (e.g. colloidal silica, polymers, etc.) to aid 
barrier placements, as these materials may allow deeper penetration and lower the 
permeability of the barrier, aiding efficiency. To establish commercial research in this area, 
the author contacted several major production treating chemical companies (i.e., petroleum 
chemical industry) and to date has been unsuccessful in securing any interested parties. This is 
likely based on unfamiliarity with the problem, limited knowledge of the mining sector, and 
limited perceived marketability of any end product. This is a critical gap in the 
implementation that will require further research and testing prior to implementation. 
Further research into the application of microseismic monitoring in coal hydraulic fracturing 
would aid barrier placements as well as CSG hydraulic fracturing for production and other 
drainage applications. Whist research in wave pattern recognition, auto-fitting, and coherence 
algorithms have all improved the differentiation of microseismic wave arrivals from noise, the 
differential between noise threshold and event magnitude remains low. Further improvements 
are required for all coal stimulation applications since the process of locating origins of the 
microseismic responses remains highly uncertain based on boundary effects, refraction and 
variability in velocity models, despite check shot calibrations (Johnson et al., 2010b). Some 
possible improvements or aids to the process could include integration of active seismic with 
microseismic to increase confidence in locating microseismic responses. 
Despite the limitations in many areas of application and verification, the author believes there 
is ample basis to proceed towards trials using existing technology and implementing 
improvements in technology as potential applications increase. The proposed deployment 
strategy will allow subsequent retreatment with more damaging FMM should further 
blockage efficiency be required. Certainly, the author feels there are more applications for this 
technology in other areas of mining; however, they are outside the scope of this thesis and are 
being investigated separately. 
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APPENDIX A: HYDRAULIC FRACTURING INPUT AND 
MODELLING 
A.1 INTRODUCTION 
This appendix contains log and grid data used in the modelling of barrier placement using the 
GOHFER® hydraulic fracture model. The dataset for evaluating the barrier placement were 
based on the Grosvenor GM7 well drilled near Moranbah in the Goonyella Middle seam, and 
whose stratigraphic log follows (Figure A1).  
 
Figure A.1: Stratigraphic log from Grosvenor GM7, vertical pilot well (Queensland, 2010) 
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The geophysical logs acquired on this well were a basic log gamma ray, density and neutron 
log, typical of logs taken in mining areas, and contained no shear or compressional sonic data 
to estimate the mechanical properties. To more accurately represent a mineable section for 
pre-drainage in this area, the geophysical log from GM seam was expanded to 6m and was 
depth corrected to a depth of 500 m, a depth value also used as a datum in the reservoir 
simulator evaluation of the barrier placement (Chapter 4). 
A.2 BARRIER PLACEMENT AND HYDRAULIC FRACTURE SIMULATOR GRID 
DATA  
The following figures detail the individual grids from the GOHFER® model as described in 
Chapter 4, Table 2. 
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Figure A.2: Detail of effective porosity (PHIE, decimal) grids used in GOHFER® model
True Vertical Depth (m) 
Effective Porosity (PH
IE, decim
al) 
Well Trajectory
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
0.15 
0.079 
0.00 
Coal
Sandstone/ Siltstone 
439 
-330 519 2119Horizontal Offset (m) 
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Figure A.3: Detail of low permeability grids used in GOHFER® model
True Vertical Depth (m)
Low
 R
ange Perm
eability (PER
M
, m
D
) 
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
>0.50 
Horizontal Offset (m) 
0.25 
1 x10-6 
Coal
Sandstone/ Siltstone
439 
519 
2119-330 
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Figure A.4: Detail of high permeability grids used in GOHFER® model (30 mD case) 
H
igh R
ange Perm
eability (PER
M
, m
D
) 
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
>30 
Horizontal Offset (m) 
15.5 
1.0 
Coal
Sandstone/ Siltstone
519 
2119-330 
True Vertical Depth (m) 439 
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Figure A.5: Detail of Young’s modulus grids used in GOHFER® model
Young’s M
odulus (YM
ES, 10
6psi) 
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
>5.0 
Horizontal Offset (m) 
2.5 
0.0 
Coal
Sandstone/ Siltstone
519 
2119-330 
True Vertical Depth (m) 439 
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Figure A.6: Detail of vertical Biot’s constant grids used in GOHFER® model
True Vertical Depth (m)
Vertical B
iot’s C
onstant (B
IO
TS_V, dec) 
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
0.933 
Horizontal Offset (m) 
0.774 
0.615 
Coal 
Sandstone/ Siltstone 
439 
-330 
519 
2119
 224 
 
 
 
 
Figure A.7: Detail of Poisson’s ratio grids used in GOHFER® model
Poisson’s R
atio (PR
, dim
) 
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
Horizontal Offset (m) 
0.303 
0.246 
Coal 
Sandstone/ Siltstone 
519 
2119-330 
True Vertical Depth (m) 439 
0.359 
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Figure A.8: Detail of fissure opening pressure grid used in GOHFER® model 
Fissure O
pening Pressure (C
FO
P, psi) 
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
Horizontal Offset (m) 
435 
82 
Coal 
Sandstone/ Siltstone 
519 
2119-330 
True Vertical Depth (m) 439 
789 
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Figure A.9: Detail of process zone stress grid used in GOHFER® model 
Process Zone Stress (PZS, psi) 
Sandstone/Siltstone 
Sandstone/ Siltstone 
6m Coal @ 500m 
Horizontal Offset (m) 
799 
150 
Coal 
Sandstone/ Siltstone 
519 
2119-330 
1447 
True Vertical Depth (m) 439 
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APPENDIX B: RESERVOIR MODELLING 
B.1 INTRODUCTION 
This appendix details the grid dimensions used in the model construction as well as additional 
details or results observed during scoping, sensitivity, or uncertainty analyses that are not 
detailed in Chapter 5.  
B.2 DETAILED GRID DIMENSIONS 
The general model construction could be described by two sectors (Figure B.1): the first 
representing the inner drainage area; and the second representing the outer undrained region, 
whose dimensions were sized to provide near infinite-acting recharge conditions in order to 
model the base case to model the effectiveness of the barrier beyond the end of mining (Table 
B.1 and Figure B.1).  
The barrier placement region was given a fixed width dimension of 10.7 m and was local grid 
refined on either side of the boundary, to reduce numerical difficulties in the model (Figure 
B.1). Tables of the actual grid dimensions for both the sensitivity and the uncertainty analyses 
are detailed in Table B.1. 
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Grid Number, i-Direction 
 
Figure B.1: Reservoir modelling grid dimensions 
 
  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
17 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
18 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
19 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
21 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
23 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
24 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
25 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
26 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
27 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
28 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
29 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
30 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
31 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
32 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
33 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
34 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
35 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
36 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
37 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
38 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
39 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
40 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
41 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
42 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
43 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
44 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
45 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
46 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
47 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
48 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
49 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
51 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
52 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
53 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
54 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
55 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
56 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
57 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
58 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
59 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
60 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
61 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
62 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
63 B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B 2 2 2 2 2 2 2 2 2 2 2 2 2 2
64 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
65 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
66 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
67 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
68 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
69 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
70 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
71 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
72 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
73 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
74 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
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Region 2 
Barrier Cells, 
Width = 0.7 m 
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Table B.1: Reservoir modelling grid dimensions 
i-Direction Grids Dimensions j-Direction Grids Dimensions 
Grid Count Grid Number 
Ending 
Grid Length 
(m) 
End 
(m) 
Grid Count Grid Number 
Ending 
Grid Length 
(m) 
End 
(m) 
1 2 40.5 40.5 1 2 40.5 40.5 
115 116 40.5 4661.7 57 58 40.5 2310.6 
1 117 78.9 4740.6 1 59 78.9 2389.5 
1 118 40.5 4781.2 1 60 40.5 2430.1 
2 119 40.5 4821.7 2 61 40.5 2470.6 
1 120 20.7 4842.4 1 62 20.7 2491.3 
1 121 10.7 4853.1 1 63 10.7 2502.0
1 122 20.7 4873.8 1 64 20.7 2522.7 
1 123 40.5 4914.4 1 65 40.5 2563.2 
2 124 40.5 4954.9 1 66 78.9 2642.2 
1 125 78.9 5033.8 1 67 153.9 2796.1 
2 126 78.9 5112.8 1 68 300.2 3096.3 
1 127 153.9 5266.7 2 69 300.2 3396.5 
2 128 153.9 5420.6 1 70 585.5 3982.0 
3 129 153.9 5574.5 2 71 585.5 4567.5 
1 130 300.2 5874.7 3 72 585.5 5153.0 
2 131 300.2 6174.9 1 73 1141.7 6294.7 
1 132 585.5 6760.4 2 74 1141.7 7436.5 
2 133 585.5 7345.9     
1 134 1141.7 8487.7     
2 135 1141.7 9629.4     
Note: Barrier cells are boldened. 
 230 
 
B.3 KEYWORD FILE FOR SENSITIVITY AND UNCERTAINTY ANALYSES USING 
GEM AND CMOST SOFTWARE 
RESULTS SIMULATOR GEM 201210 
TITLE1 'Base Case 1, kjNOT=ki, No Aquifer' 
TITLE2 'RJohnson UQ' 
TITLE3 'Kjnot=Ki,5:1 tp 1:5' 
CASEID 'BASE2_1' 
 
INUNIT FIELD 
DIM MDGRID 1000 
WSRF GRID TIME 
WSRF WELL TIME 
OUTSRF GRID PRES SG SO SW  
OUTSRF RES NONE 
WPRN WELL TIME 
WPRN GRID TIME 
WPRN ITER ALL 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW  
OUTPRN RES ALL 
**$ Distance units: ft  
RESULTS XOFFSET 0.0000 
RESULTS YOFFSET 0.0000 
RESULTS ROTATION 0.0000 **$ (DEGREES) 
RESULTS AXES-DIRECTIONS 1.0 -1.0 1.0 
**$ *************************************************************************** 
**$ Definition of fundamental cartesian grid 
**$ *************************************************************************** 
GRID CART 135 74 1 
KDIR DOWN 
DI IVAR  
 116*133 1*259 2*133 1*68 1*35 1*68 2*133 2*259 3*505 2*985 2*1921 2*3746 
DJ JVAR  
 58*133 1*259 2*133 1*68 1*35 1*68 1*133 1*259 1*505 2*985 3*1921 2*3746 
DK ALL 
 9990*33 
DEPTH 
 1 1 1 1650. 
DIP 
<cmost>XDip</cmost> <cmost>YDip</cmost> 
DUALPOR  
SHAPE WR 
TRANSFER 3 
NULL MATRIX CON 1 
**$ Property: NULL Blocks Max: 1 Min: 1 
**$ 0 = null block, 1 = active block 
NULL FRACTURE CON 1 
**$ Property: Net Pay (ft) Max: 33 Min: 33 
NETPAY MATRIX CON 33 
**$ Property: Net Pay (ft) Max: 20 Min: 20 
NETPAY FRACTURE CON 20 
POR FRACTURE *IJK 
1:120 1:62 1 <cmost>BasePorosity</cmost> 
121 1:62 1 <cmost>(1-BlockFactor)*BasePorosity</cmost> 
1:120 63 1 <cmost>(1-BlockFactor)*BasePorosity</cmost> 
121 63 1 <cmost>(1-BlockFactor)*BasePorosity</cmost> 
122:135 1:74 1 <cmost>BasePorosity</cmost> 
1:121 64:74 1 <cmost>BasePorosity</cmost> 
POR MATRIX CON 0.005 
PERMI FRACTURE *IJK 
1:120 1:62 1 <cmost>EXP(IBasePerm)</cmost> 
121 1:62 1 <cmost>(1-BlockFactor)*EXP(IBasePerm)</cmost> 
1:120 63 1 <cmost>(1-BlockFactor)*EXP(IBasePerm)</cmost> 
121 63 1 <cmost>(1-BlockFactor)*EXP(IBasePerm)</cmost> 
122:135 1:74 1 <cmost>EXP(IBasePerm)</cmost> 
1:121 64:74 1 <cmost>EXP(IBasePerm)</cmost> 
**$ Property: Permeability I (md) Max: 0.01 Min: 0.01 
PERMI MATRIX CON 0.01 
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PERMJ FRACTURE *IJK 
1:120 1:62 1 <cmost>EXP(Anisotropy)*EXP(IBasePerm)</cmost> 
121 1:62 1 <cmost>(1-BlockFactor)*EXP(Anisotropy)*EXP(IBasePerm)</cmost> 
1:120 63 1 <cmost>(1-BlockFactor)*EXP(Anisotropy)*EXP(IBasePerm)</cmost> 
121 63 1 <cmost>(1-BlockFactor)*EXP(Anisotropy)*EXP(IBasePerm)</cmost> 
122:135 1:74 1 <cmost>EXP(Anisotropy)*EXP(IBasePerm)</cmost> 
1:121 64:74 1 <cmost>EXP(Anisotropy)*EXP(IBasePerm)</cmost> 
**$ Property: Permeability J (md) Max: 0.01 Min: 0.01 
PERMJ MATRIX CON 0.01 
PERMK FRACTURE *IJK 
1:120 1:62 1 <cmost>0.1*POWER(EXP(IBasePerm)*EXP(Anisotropy)*EXP(IBasePerm),0.5)</cmost> 
121 1:62 1 <cmost>0.1*POWER(((1-BlockFactor)*EXP(IBasePerm))*((1-
BlockFactor)*EXP(Anisotropy)*EXP(IBasePerm)),0.5)</cmost> 
1:120 63 1 <cmost>0.1*POWER(((1-BlockFactor)*EXP(IBasePerm))*((1-
BlockFactor)*EXP(Anisotropy)*EXP(IBasePerm)),0.5)</cmost> 
121 63 1 <cmost>0.1*POWER(((1-BlockFactor)*EXP(IBasePerm))*((1-
BlockFactor)*EXP(Anisotropy)*EXP(IBasePerm)),0.5)</cmost> 
122:135 1:74 1 <cmost>0.1*POWER(EXP(IBasePerm)*EXP(Anisotropy)*EXP(IBasePerm),0.5)</cmost> 
1:121 64:74 1 <cmost>0.1*POWER(EXP(IBasePerm)*EXP(Anisotropy)*EXP(IBasePerm),0.5)</cmost> 
**$ Property: Permeability K (md) Max: 0.001 Min: 0.001 
PERMK MATRIX CON 0.001 
**$ Property: Fracture Spacing I (ft) Max: 0.5 Min: 0.5 
DIFRAC CON <cmost>IF(Anisotropy>=0,((-0.0031445*IBasePerm*EXP(Anisotropy))+0.0992),((-
0.0031445*IBasePerm)+0.0992))</cmost> 
**$ Property: Fracture Spacing J (ft) Max: 0.1666 Min: 0.1666 
DJFRAC CON <cmost>IF(Anisotropy>=0,((-0.00314457*IBasePerm)+0.0992),((-
0.0031445*IBasePerm*EXP(Anisotropy))+0.0992))</cmost> 
**$ Property: Fracture Spacing K (ft) Max: 0.05 Min: 0.05 
DKFRAC CON <cmost>POWER(((-0.0031445*IBasePerm)+0.0992)*((-
0.0031445*IBasePerm*EXP(Anisotropy))+0.0992),0.5)</cmost> 
**$ Property: Pinchout Array Max: 1 Min: 1 
**$ 0 = pinched block, 1 = active block 
PINCHOUTARRAY CON 1 
SECTOR 'S1' 1:120 1:62 1 
SECTOR 'S2' 122:135 1:74 1 
'S2' 1:121 64:74 1 
PRPOR MATRIX 14.6923 
CPOR FRACTURE 6.09e-04 
CPOR MATRIX 1.03e-04 
PVCUTOFF 0 
**$ Model and number of components 
MODEL PR 
NC 1 1 
COMPNAME 'CH4'  
HCFLAG 
1  
MW 
16.043  
AC 
0.008  
PCRIT 
45.4  
VCRIT 
0.099  
TCRIT 
190.6  
PCHOR 
77  
SG 
0.3  
TB 
-258.61  
HEATING_VALUES 
844.29  
TRES 110  
DENW 62.045 
REFPW 14.6959 
VISW 0.614 
ROCKFLUID 
RPT 1 
**$ Sw krw krow Pcow 
**$ Sw krw krow 
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SWT 
 0.05 0 0.00001 
 0.109313 0.0358968 *int 
 0.168625 0.0824692 *int 
 0.227938 0.134153 *int 
 0.28725 0.189465 *int 
 0.346563 0.24764 *int 
 0.405875 0.308203 *int 
 0.465187 0.370829 *int 
 0.5245 0.435275 *int 
 0.583813 0.501357 *int 
 0.643125 0.568926 *int 
 0.702438 0.637863 *int 
 0.76175 0.708066 *int 
 0.821063 0.77945 *int 
 0.880375 0.851941 *int 
 0.939688 0.925477 0.0000 
 0.999 1 0 
**$ Sl krg krog Pcog 
**$ Sl krg krog 
**$ Sl krg krog 
SLT 
 0.051 1 0 
 0.107187 0.901891 *int 
 0.163375 0.807631 *int 
 0.219562 0.717327 *int 
 0.27575 0.6311 *int 
 0.331938 0.549081 *int 
 0.388125 0.47142 *int 
 0.444313 0.398287 *int 
 0.5005 0.329877 *int 
 0.556688 0.266419 *int 
 0.612875 0.208185 *int 
 0.669063 0.155511 *int 
 0.72525 0.108819 *int 
 0.781438 0.0686755 *int 
 0.837625 0.0358968 *int 
 0.893813 0.0118415 *int 
 0.95 0 0.00001 
 
ADSORBTMAX 'CH4' 0.477195504 
RPT 2 
*SGT 
 0.01 0.0 1.0 0.0 
 1.00 1.0 0.0 0.0 
*SWT 
 0.00 0.0 1.0 0.0 
 1.00 1.0 0.0 0.0 
 
RTYPE MATRIX CON 1 
**$ Property: Rel Perm Set Num Max: 1 
RTYPE FRACTURE CON 2 
ADGMAXC 'CH4' FRACTURE CON 0 
ADGMAXC 'CH4' MATRIX CON 0.4772 
ADGCSTC 'CH4' FRACTURE CON 0 
ADGCSTC 'CH4' MATRIX CON 0.003521 
 
ROCKDEN MATRIX CON 90.56 
ROCKDEN FRACTURE CON 90.56 
COAL-DIF-TIME 'CH4' CON 4 
 
ADSORBTMAX 'CH4' 0 
 
*INITIAL 
*NREGIONS 2  
 
**TCMULT 1.0 1.0 ** will accept, first value user input blocks 
*ITYPE *MATRIX *CON 1 ** reserve region 1 for user input 
*ITYPE *FRACTURE *CON 2 ** reserve region 1 for user input 
 
USER_INPUT 
DATUMDEPTH 1650 INITIAL 
PRES FRACTURE CON 656 
PRES MATRIX CON 656 
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SW MATRIX CON 0.1 
SW FRACTURE CON 0.99 
ZGLOBALC 'CH4' FRACTURE CON 1 
ZGLOBALC 'CH4' MATRIX CON 1 
 
SEPARATOR 
**$ Stage Pres. Stage Temp. 
 14.6959 60 
 
**$ Property: Block Temperature (F) Max: 110 Min: 110 
TEMPER MATRIX CON 110 
**$ Property: Block Temperature (F) Max: 110 Min: 110 
TEMPER FRACTURE CON 110 
 
NUMERICAL 
** Limit the maximum time-step size to one year 
** and limit the minimum time-step size to 3 hours 
*DTMAX 365 
DTMIN 0.001 
NORM PRESS 165 
NORM SATUR 0.05 
NORM GMOLAR 0.05 
NORM AQUEOUS 0.05 
MAXCHANGE PRESS 650 
MAXCHANGE SATUR 0.99 
MAXCHANGE GMOLAR 0.99 
MAXCHANGE AQUEOUS 0.99 
CONVERGE PRESS 10. 
CONVERGE MAXRES LOOSER 
NEWTONCYC 30 
RUN 
DATE 2012 1 1 
aimset matrix con 3 
aimset fracture con 3 
**$ 
**$ 
WELL 'Well-1' 
PRODUCER 'Well-1' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ UBA ff di Status Connection  
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA 'Well-1' 
**$ UBA ff Status Connection  
 2 28 1 1. OPEN FLOW-TO 'SURFACE' 
 2 27 1 1. OPEN FLOW-TO 1 
 2 26 1 1. OPEN FLOW-TO 2 
 2 25 1 1. OPEN FLOW-TO 3 
 2 24 1 1. OPEN FLOW-TO 4 
 2 23 1 1. OPEN FLOW-TO 5 
 2 22 1 1. OPEN FLOW-TO 6 
 2 21 1 1. OPEN FLOW-TO 7 
 2 20 1 1. OPEN FLOW-TO 8 
 2 19 1 1. OPEN FLOW-TO 9 
 2 18 1 1. OPEN FLOW-TO 10 
 2 17 1 1. OPEN FLOW-TO 11 
 2 16 1 1. OPEN FLOW-TO 12 
 2 15 1 1. OPEN FLOW-TO 13 
 2 14 1 1. OPEN FLOW-TO 14 
 2 13 1 1. OPEN FLOW-TO 15 
 2 12 1 1. OPEN FLOW-TO 16 
 2 11 1 1. OPEN FLOW-TO 17 
 2 10 1 1. OPEN FLOW-TO 18 
 2 9 1 1. OPEN FLOW-TO 19 
 2 8 1 1. OPEN FLOW-TO 20 
 2 7 1 1. OPEN FLOW-TO 21 
 2 6 1 1. OPEN FLOW-TO 22 
 2 5 1 1. OPEN FLOW-TO 23 
 2 4 1 1. OPEN FLOW-TO 24 
 2 3 1 1. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-1' GRAV-FRIC 
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**$ 
WELL 'Well-2' 
PRODUCER 'Well-2' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-2' 
**$ UBA ff di Status Connection  
 13 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 13 27 1 1. 0. OPEN FLOW-TO 1 
 13 26 1 1. 0. OPEN FLOW-TO 2 
 13 25 1 1. 0. OPEN FLOW-TO 3 
 13 24 1 1. 0. OPEN FLOW-TO 4 
 13 23 1 1. 0. OPEN FLOW-TO 5 
 13 22 1 1. 0. OPEN FLOW-TO 6 
 13 21 1 1. 0. OPEN FLOW-TO 7 
 13 20 1 1. 0. OPEN FLOW-TO 8 
 13 19 1 1. 0. OPEN FLOW-TO 9 
 13 18 1 1. 0. OPEN FLOW-TO 10 
 13 17 1 1. 0. OPEN FLOW-TO 11 
 13 16 1 1. 0. OPEN FLOW-TO 12 
 13 15 1 1. 0. OPEN FLOW-TO 13 
 13 14 1 1. 0. OPEN FLOW-TO 14 
 13 13 1 1. 0. OPEN FLOW-TO 15 
 13 12 1 1. 0. OPEN FLOW-TO 16 
 13 11 1 1. 0. OPEN FLOW-TO 17 
 13 10 1 1. 0. OPEN FLOW-TO 18 
 13 9 1 1. 0. OPEN FLOW-TO 19 
 13 8 1 1. 0. OPEN FLOW-TO 20 
 13 7 1 1. 0. OPEN FLOW-TO 21 
 13 6 1 1. 0. OPEN FLOW-TO 22 
 13 5 1 1. 0. OPEN FLOW-TO 23 
 13 4 1 1. 0. OPEN FLOW-TO 24 
 13 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-2' GRAV-FRIC 
**$ 
WELL 'Well-3' 
PRODUCER 'Well-3' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-3' 
**$ UBA ff di Status Connection  
 24 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 24 27 1 1. 0. OPEN FLOW-TO 1 
 24 26 1 1. 0. OPEN FLOW-TO 2 
 24 25 1 1. 0. OPEN FLOW-TO 3 
 24 24 1 1. 0. OPEN FLOW-TO 4 
 24 23 1 1. 0. OPEN FLOW-TO 5 
 24 22 1 1. 0. OPEN FLOW-TO 6 
 24 21 1 1. 0. OPEN FLOW-TO 7 
 24 20 1 1. 0. OPEN FLOW-TO 8 
 24 19 1 1. 0. OPEN FLOW-TO 9 
 24 18 1 1. 0. OPEN FLOW-TO 10 
 24 17 1 1. 0. OPEN FLOW-TO 11 
 24 16 1 1. 0. OPEN FLOW-TO 12 
 24 15 1 1. 0. OPEN FLOW-TO 13 
 24 14 1 1. 0. OPEN FLOW-TO 14 
 24 13 1 1. 0. OPEN FLOW-TO 15 
 24 12 1 1. 0. OPEN FLOW-TO 16 
 24 11 1 1. 0. OPEN FLOW-TO 17 
 24 10 1 1. 0. OPEN FLOW-TO 18 
 24 9 1 1. 0. OPEN FLOW-TO 19 
 24 8 1 1. 0. OPEN FLOW-TO 20 
 24 7 1 1. 0. OPEN FLOW-TO 21 
 24 6 1 1. 0. OPEN FLOW-TO 22 
 24 5 1 1. 0. OPEN FLOW-TO 23 
 24 4 1 1. 0. OPEN FLOW-TO 24 
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 24 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-3' GRAV-FRIC 
**$ 
WELL 'Well-4' 
PRODUCER 'Well-4' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-4' 
**$ UBA ff di Status Connection  
 35 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 35 27 1 1. 0. OPEN FLOW-TO 1 
 35 26 1 1. 0. OPEN FLOW-TO 2 
 35 25 1 1. 0. OPEN FLOW-TO 3 
 35 24 1 1. 0. OPEN FLOW-TO 4 
 35 23 1 1. 0. OPEN FLOW-TO 5 
 35 22 1 1. 0. OPEN FLOW-TO 6 
 35 21 1 1. 0. OPEN FLOW-TO 7 
 35 20 1 1. 0. OPEN FLOW-TO 8 
 35 19 1 1. 0. OPEN FLOW-TO 9 
 35 18 1 1. 0. OPEN FLOW-TO 10 
 35 17 1 1. 0. OPEN FLOW-TO 11 
 35 16 1 1. 0. OPEN FLOW-TO 12 
 35 15 1 1. 0. OPEN FLOW-TO 13 
 35 14 1 1. 0. OPEN FLOW-TO 14 
 35 13 1 1. 0. OPEN FLOW-TO 15 
 35 12 1 1. 0. OPEN FLOW-TO 16 
 35 11 1 1. 0. OPEN FLOW-TO 17 
 35 10 1 1. 0. OPEN FLOW-TO 18 
 35 9 1 1. 0. OPEN FLOW-TO 19 
 35 8 1 1. 0. OPEN FLOW-TO 20 
 35 7 1 1. 0. OPEN FLOW-TO 21 
 35 6 1 1. 0. OPEN FLOW-TO 22 
 35 5 1 1. 0. OPEN FLOW-TO 23 
 35 4 1 1. 0. OPEN FLOW-TO 24 
 35 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-4' GRAV-FRIC 
**$ 
WELL 'Well-5' 
PRODUCER 'Well-5' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-5' 
**$ UBA ff di Status Connection  
 46 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 46 27 1 1. 0. OPEN FLOW-TO 1 
 46 26 1 1. 0. OPEN FLOW-TO 2 
 46 25 1 1. 0. OPEN FLOW-TO 3 
 46 24 1 1. 0. OPEN FLOW-TO 4 
 46 23 1 1. 0. OPEN FLOW-TO 5 
 46 22 1 1. 0. OPEN FLOW-TO 6 
 46 21 1 1. 0. OPEN FLOW-TO 7 
 46 20 1 1. 0. OPEN FLOW-TO 8 
 46 19 1 1. 0. OPEN FLOW-TO 9 
 46 18 1 1. 0. OPEN FLOW-TO 10 
 46 17 1 1. 0. OPEN FLOW-TO 11 
 46 16 1 1. 0. OPEN FLOW-TO 12 
 46 15 1 1. 0. OPEN FLOW-TO 13 
 46 14 1 1. 0. OPEN FLOW-TO 14 
 46 13 1 1. 0. OPEN FLOW-TO 15 
 46 12 1 1. 0. OPEN FLOW-TO 16 
 46 11 1 1. 0. OPEN FLOW-TO 17 
 46 10 1 1. 0. OPEN FLOW-TO 18 
 46 9 1 1. 0. OPEN FLOW-TO 19 
 46 8 1 1. 0. OPEN FLOW-TO 20 
 46 7 1 1. 0. OPEN FLOW-TO 21 
 46 6 1 1. 0. OPEN FLOW-TO 22 
 236 
 
 46 5 1 1. 0. OPEN FLOW-TO 23 
 46 4 1 1. 0. OPEN FLOW-TO 24 
 46 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-5' GRAV-FRIC 
**$ 
WELL 'Well-6' 
PRODUCER 'Well-6' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-6' 
**$ UBA ff di Status Connection  
 57 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 57 27 1 1. 0. OPEN FLOW-TO 1 
 57 26 1 1. 0. OPEN FLOW-TO 2 
 57 25 1 1. 0. OPEN FLOW-TO 3 
 57 24 1 1. 0. OPEN FLOW-TO 4 
 57 23 1 1. 0. OPEN FLOW-TO 5 
 57 22 1 1. 0. OPEN FLOW-TO 6 
 57 21 1 1. 0. OPEN FLOW-TO 7 
 57 20 1 1. 0. OPEN FLOW-TO 8 
 57 19 1 1. 0. OPEN FLOW-TO 9 
 57 18 1 1. 0. OPEN FLOW-TO 10 
 57 17 1 1. 0. OPEN FLOW-TO 11 
 57 16 1 1. 0. OPEN FLOW-TO 12 
 57 15 1 1. 0. OPEN FLOW-TO 13 
 57 14 1 1. 0. OPEN FLOW-TO 14 
 57 13 1 1. 0. OPEN FLOW-TO 15 
 57 12 1 1. 0. OPEN FLOW-TO 16 
 57 11 1 1. 0. OPEN FLOW-TO 17 
 57 10 1 1. 0. OPEN FLOW-TO 18 
 57 9 1 1. 0. OPEN FLOW-TO 19 
 57 8 1 1. 0. OPEN FLOW-TO 20 
 57 7 1 1. 0. OPEN FLOW-TO 21 
 57 6 1 1. 0. OPEN FLOW-TO 22 
 57 5 1 1. 0. OPEN FLOW-TO 23 
 57 4 1 1. 0. OPEN FLOW-TO 24 
 57 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-6' GRAV-FRIC 
**$ 
WELL 'Well-7' 
PRODUCER 'Well-7' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-7' 
**$ UBA ff di Status Connection  
 68 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 68 27 1 1. 0. OPEN FLOW-TO 1 
 68 26 1 1. 0. OPEN FLOW-TO 2 
 68 25 1 1. 0. OPEN FLOW-TO 3 
 68 24 1 1. 0. OPEN FLOW-TO 4 
 68 23 1 1. 0. OPEN FLOW-TO 5 
 68 22 1 1. 0. OPEN FLOW-TO 6 
 68 21 1 1. 0. OPEN FLOW-TO 7 
 68 20 1 1. 0. OPEN FLOW-TO 8 
 68 19 1 1. 0. OPEN FLOW-TO 9 
 68 18 1 1. 0. OPEN FLOW-TO 10 
 68 17 1 1. 0. OPEN FLOW-TO 11 
 68 16 1 1. 0. OPEN FLOW-TO 12 
 68 15 1 1. 0. OPEN FLOW-TO 13 
 68 14 1 1. 0. OPEN FLOW-TO 14 
 68 13 1 1. 0. OPEN FLOW-TO 15 
 68 12 1 1. 0. OPEN FLOW-TO 16 
 68 11 1 1. 0. OPEN FLOW-TO 17 
 68 10 1 1. 0. OPEN FLOW-TO 18 
 68 9 1 1. 0. OPEN FLOW-TO 19 
 68 8 1 1. 0. OPEN FLOW-TO 20 
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 68 7 1 1. 0. OPEN FLOW-TO 21 
 68 6 1 1. 0. OPEN FLOW-TO 22 
 68 5 1 1. 0. OPEN FLOW-TO 23 
 68 4 1 1. 0. OPEN FLOW-TO 24 
 68 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-7' GRAV-FRIC 
**$ 
WELL 'Well-8' 
PRODUCER 'Well-8' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-8' 
**$ UBA ff di Status Connection  
 79 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 79 27 1 1. 0. OPEN FLOW-TO 1 
 79 26 1 1. 0. OPEN FLOW-TO 2 
 79 25 1 1. 0. OPEN FLOW-TO 3 
 79 24 1 1. 0. OPEN FLOW-TO 4 
 79 23 1 1. 0. OPEN FLOW-TO 5 
 79 22 1 1. 0. OPEN FLOW-TO 6 
 79 21 1 1. 0. OPEN FLOW-TO 7 
 79 20 1 1. 0. OPEN FLOW-TO 8 
 79 19 1 1. 0. OPEN FLOW-TO 9 
 79 18 1 1. 0. OPEN FLOW-TO 10 
 79 17 1 1. 0. OPEN FLOW-TO 11 
 79 16 1 1. 0. OPEN FLOW-TO 12 
 79 15 1 1. 0. OPEN FLOW-TO 13 
 79 14 1 1. 0. OPEN FLOW-TO 14 
 79 13 1 1. 0. OPEN FLOW-TO 15 
 79 12 1 1. 0. OPEN FLOW-TO 16 
 79 11 1 1. 0. OPEN FLOW-TO 17 
 79 10 1 1. 0. OPEN FLOW-TO 18 
 79 9 1 1. 0. OPEN FLOW-TO 19 
 79 8 1 1. 0. OPEN FLOW-TO 20 
 79 7 1 1. 0. OPEN FLOW-TO 21 
 79 6 1 1. 0. OPEN FLOW-TO 22 
 79 5 1 1. 0. OPEN FLOW-TO 23 
 79 4 1 1. 0. OPEN FLOW-TO 24 
 79 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-8' GRAV-FRIC 
**$ 
WELL 'Well-9' 
PRODUCER 'Well-9' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-9' 
**$ UBA ff di Status Connection  
 90 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 90 27 1 1. 0. OPEN FLOW-TO 1 
 90 26 1 1. 0. OPEN FLOW-TO 2 
 90 25 1 1. 0. OPEN FLOW-TO 3 
 90 24 1 1. 0. OPEN FLOW-TO 4 
 90 23 1 1. 0. OPEN FLOW-TO 5 
 90 22 1 1. 0. OPEN FLOW-TO 6 
 90 21 1 1. 0. OPEN FLOW-TO 7 
 90 20 1 1. 0. OPEN FLOW-TO 8 
 90 19 1 1. 0. OPEN FLOW-TO 9 
 90 18 1 1. 0. OPEN FLOW-TO 10 
 90 17 1 1. 0. OPEN FLOW-TO 11 
 90 16 1 1. 0. OPEN FLOW-TO 12 
 90 15 1 1. 0. OPEN FLOW-TO 13 
 90 14 1 1. 0. OPEN FLOW-TO 14 
 90 13 1 1. 0. OPEN FLOW-TO 15 
 90 12 1 1. 0. OPEN FLOW-TO 16 
 90 11 1 1. 0. OPEN FLOW-TO 17 
 90 10 1 1. 0. OPEN FLOW-TO 18 
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 90 9 1 1. 0. OPEN FLOW-TO 19 
 90 8 1 1. 0. OPEN FLOW-TO 20 
 90 7 1 1. 0. OPEN FLOW-TO 21 
 90 6 1 1. 0. OPEN FLOW-TO 22 
 90 5 1 1. 0. OPEN FLOW-TO 23 
 90 4 1 1. 0. OPEN FLOW-TO 24 
 90 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-9' GRAV-FRIC 
**$ 
WELL 'Well-10' 
PRODUCER 'Well-10' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ UBA ff di Status Connection  
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA 'Well-10' 
**$ UBA ff Status Connection  
 101 28 1 1. OPEN FLOW-TO 'SURFACE' 
 101 27 1 1. OPEN FLOW-TO 1 
 101 26 1 1. OPEN FLOW-TO 2 
 101 25 1 1. OPEN FLOW-TO 3 
 101 24 1 1. OPEN FLOW-TO 4 
 101 23 1 1. OPEN FLOW-TO 5 
 101 22 1 1. OPEN FLOW-TO 6 
 101 21 1 1. OPEN FLOW-TO 7 
 101 20 1 1. OPEN FLOW-TO 8 
 101 19 1 1. OPEN FLOW-TO 9 
 101 18 1 1. OPEN FLOW-TO 10 
 101 17 1 1. OPEN FLOW-TO 11 
 101 16 1 1. OPEN FLOW-TO 12 
 101 15 1 1. OPEN FLOW-TO 13 
 101 14 1 1. OPEN FLOW-TO 14 
 101 13 1 1. OPEN FLOW-TO 15 
 101 12 1 1. OPEN FLOW-TO 16 
 101 11 1 1. OPEN FLOW-TO 17 
 101 10 1 1. OPEN FLOW-TO 18 
 101 9 1 1. OPEN FLOW-TO 19 
 101 8 1 1. OPEN FLOW-TO 20 
 101 7 1 1. OPEN FLOW-TO 21 
 101 6 1 1. OPEN FLOW-TO 22 
 101 5 1 1. OPEN FLOW-TO 23 
 101 4 1 1. OPEN FLOW-TO 24 
 101 3 1 1. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-10' GRAV-FRIC 
**$ 
WELL 'Well-11' 
PRODUCER 'Well-11' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ UBA ff di Status Connection  
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-11' 
**$ UBA ff di Status Connection  
 112 28 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 112 27 1 1. 0. OPEN FLOW-TO 1 
 112 26 1 1. 0. OPEN FLOW-TO 2 
 112 25 1 1. 0. OPEN FLOW-TO 3 
 112 24 1 1. 0. OPEN FLOW-TO 4 
 112 23 1 1. 0. OPEN FLOW-TO 5 
 112 22 1 1. 0. OPEN FLOW-TO 6 
 112 21 1 1. 0. OPEN FLOW-TO 7 
 112 20 1 1. 0. OPEN FLOW-TO 8 
 112 19 1 1. 0. OPEN FLOW-TO 9 
 112 18 1 1. 0. OPEN FLOW-TO 10 
 112 17 1 1. 0. OPEN FLOW-TO 11 
 112 16 1 1. 0. OPEN FLOW-TO 12 
 112 15 1 1. 0. OPEN FLOW-TO 13 
 112 14 1 1. 0. OPEN FLOW-TO 14 
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 112 13 1 1. 0. OPEN FLOW-TO 15 
 112 12 1 1. 0. OPEN FLOW-TO 16 
 112 11 1 1. 0. OPEN FLOW-TO 17 
 112 10 1 1. 0. OPEN FLOW-TO 18 
 112 9 1 1. 0. OPEN FLOW-TO 19 
 112 8 1 1. 0. OPEN FLOW-TO 20 
 112 7 1 1. 0. OPEN FLOW-TO 21 
 112 6 1 1. 0. OPEN FLOW-TO 22 
 112 5 1 1. 0. OPEN FLOW-TO 23 
 112 4 1 1. 0. OPEN FLOW-TO 24 
 112 3 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-11' GRAV-FRIC 
**$ 
WELL 'Well-12' 
PRODUCER 'Well-12' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ UBA ff di Status Connection  
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-12' 
**$ UBA ff di Status Connection  
 2 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 2 54 1 1. 0. OPEN FLOW-TO 1 
 2 53 1 1. 0. OPEN FLOW-TO 2 
 2 52 1 1. 0. OPEN FLOW-TO 3 
 2 51 1 1. 0. OPEN FLOW-TO 4 
 2 50 1 1. 0. OPEN FLOW-TO 5 
 2 49 1 1. 0. OPEN FLOW-TO 6 
 2 48 1 1. 0. OPEN FLOW-TO 7 
 2 47 1 1. 0. OPEN FLOW-TO 8 
 2 46 1 1. 0. OPEN FLOW-TO 9 
 2 45 1 1. 0. OPEN FLOW-TO 10 
 2 44 1 1. 0. OPEN FLOW-TO 11 
 2 43 1 1. 0. OPEN FLOW-TO 12 
 2 42 1 1. 0. OPEN FLOW-TO 13 
 2 41 1 1. 0. OPEN FLOW-TO 14 
 2 40 1 1. 0. OPEN FLOW-TO 15 
 2 39 1 1. 0. OPEN FLOW-TO 16 
 2 38 1 1. 0. OPEN FLOW-TO 17 
 2 37 1 1. 0. OPEN FLOW-TO 18 
 2 36 1 1. 0. OPEN FLOW-TO 19 
 2 35 1 1. 0. OPEN FLOW-TO 20 
 2 34 1 1. 0. OPEN FLOW-TO 21 
 2 33 1 1. 0. OPEN FLOW-TO 22 
 2 32 1 1. 0. OPEN FLOW-TO 23 
 2 31 1 1. 0. OPEN FLOW-TO 24 
 2 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-12' GRAV-FRIC 
**$ 
WELL 'Well-13' 
PRODUCER 'Well-13' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.33 0.37 1. 1. 
PERF GEOA TURB 'Well-13' 
**$ UBA ff di Status Connection  
 13 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 13 54 1 1. 0. OPEN FLOW-TO 1 
 13 53 1 1. 0. OPEN FLOW-TO 2 
 13 52 1 1. 0. OPEN FLOW-TO 3 
 13 51 1 1. 0. OPEN FLOW-TO 4 
 13 50 1 1. 0. OPEN FLOW-TO 5 
 13 49 1 1. 0. OPEN FLOW-TO 6 
 13 48 1 1. 0. OPEN FLOW-TO 7 
 13 47 1 1. 0. OPEN FLOW-TO 8 
 13 46 1 1. 0. OPEN FLOW-TO 9 
 13 45 1 1. 0. OPEN FLOW-TO 10 
 13 44 1 1. 0. OPEN FLOW-TO 11 
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 13 43 1 1. 0. OPEN FLOW-TO 12 
 13 42 1 1. 0. OPEN FLOW-TO 13 
 13 41 1 1. 0. OPEN FLOW-TO 14 
 13 40 1 1. 0. OPEN FLOW-TO 15 
 13 39 1 1. 0. OPEN FLOW-TO 16 
 13 38 1 1. 0. OPEN FLOW-TO 17 
 13 37 1 1. 0. OPEN FLOW-TO 18 
 13 36 1 1. 0. OPEN FLOW-TO 19 
 13 35 1 1. 0. OPEN FLOW-TO 20 
 13 34 1 1. 0. OPEN FLOW-TO 21 
 13 33 1 1. 0. OPEN FLOW-TO 22 
 13 32 1 1. 0. OPEN FLOW-TO 23 
 13 31 1 1. 0. OPEN FLOW-TO 24 
 13 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-13' GRAV-FRIC 
**$ 
WELL 'Well-14' 
PRODUCER 'Well-14' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.33 0.37 1. 1. 
PERF GEOA TURB 'Well-14' 
**$ UBA ff di Status Connection  
 24 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 24 54 1 1. 0. OPEN FLOW-TO 1 
 24 53 1 1. 0. OPEN FLOW-TO 2 
 24 52 1 1. 0. OPEN FLOW-TO 3 
 24 51 1 1. 0. OPEN FLOW-TO 4 
 24 50 1 1. 0. OPEN FLOW-TO 5 
 24 49 1 1. 0. OPEN FLOW-TO 6 
 24 48 1 1. 0. OPEN FLOW-TO 7 
 24 47 1 1. 0. OPEN FLOW-TO 8 
 24 46 1 1. 0. OPEN FLOW-TO 9 
 24 45 1 1. 0. OPEN FLOW-TO 10 
 24 44 1 1. 0. OPEN FLOW-TO 11 
 24 43 1 1. 0. OPEN FLOW-TO 12 
 24 42 1 1. 0. OPEN FLOW-TO 13 
 24 41 1 1. 0. OPEN FLOW-TO 14 
 24 40 1 1. 0. OPEN FLOW-TO 15 
 24 39 1 1. 0. OPEN FLOW-TO 16 
 24 38 1 1. 0. OPEN FLOW-TO 17 
 24 37 1 1. 0. OPEN FLOW-TO 18 
 24 36 1 1. 0. OPEN FLOW-TO 19 
 24 35 1 1. 0. OPEN FLOW-TO 20 
 24 34 1 1. 0. OPEN FLOW-TO 21 
 24 33 1 1. 0. OPEN FLOW-TO 22 
 24 32 1 1. 0. OPEN FLOW-TO 23 
 24 31 1 1. 0. OPEN FLOW-TO 24 
 24 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-14' GRAV-FRIC 
**$ 
WELL 'Well-15' 
PRODUCER 'Well-15' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.33 0.37 1. 1. 
PERF GEOA TURB 'Well-15' 
**$ UBA ff di Status Connection  
 35 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 35 54 1 1. 0. OPEN FLOW-TO 1 
 35 53 1 1. 0. OPEN FLOW-TO 2 
 35 52 1 1. 0. OPEN FLOW-TO 3 
 35 51 1 1. 0. OPEN FLOW-TO 4 
 35 50 1 1. 0. OPEN FLOW-TO 5 
 35 49 1 1. 0. OPEN FLOW-TO 6 
 35 48 1 1. 0. OPEN FLOW-TO 7 
 35 47 1 1. 0. OPEN FLOW-TO 8 
 35 46 1 1. 0. OPEN FLOW-TO 9 
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 35 45 1 1. 0. OPEN FLOW-TO 10 
 35 44 1 1. 0. OPEN FLOW-TO 11 
 35 43 1 1. 0. OPEN FLOW-TO 12 
 35 42 1 1. 0. OPEN FLOW-TO 13 
 35 41 1 1. 0. OPEN FLOW-TO 14 
 35 40 1 1. 0. OPEN FLOW-TO 15 
 35 39 1 1. 0. OPEN FLOW-TO 16 
 35 38 1 1. 0. OPEN FLOW-TO 17 
 35 37 1 1. 0. OPEN FLOW-TO 18 
 35 36 1 1. 0. OPEN FLOW-TO 19 
 35 35 1 1. 0. OPEN FLOW-TO 20 
 35 34 1 1. 0. OPEN FLOW-TO 21 
 35 33 1 1. 0. OPEN FLOW-TO 22 
 35 32 1 1. 0. OPEN FLOW-TO 23 
 35 31 1 1. 0. OPEN FLOW-TO 24 
 35 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-15' GRAV-FRIC 
**$ 
WELL 'Well-16' 
PRODUCER 'Well-16' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-16' 
**$ UBA ff di Status Connection  
 46 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 46 54 1 1. 0. OPEN FLOW-TO 1 
 46 53 1 1. 0. OPEN FLOW-TO 2 
 46 52 1 1. 0. OPEN FLOW-TO 3 
 46 51 1 1. 0. OPEN FLOW-TO 4 
 46 50 1 1. 0. OPEN FLOW-TO 5 
 46 49 1 1. 0. OPEN FLOW-TO 6 
 46 48 1 1. 0. OPEN FLOW-TO 7 
 46 47 1 1. 0. OPEN FLOW-TO 8 
 46 46 1 1. 0. OPEN FLOW-TO 9 
 46 45 1 1. 0. OPEN FLOW-TO 10 
 46 44 1 1. 0. OPEN FLOW-TO 11 
 46 43 1 1. 0. OPEN FLOW-TO 12 
 46 42 1 1. 0. OPEN FLOW-TO 13 
 46 41 1 1. 0. OPEN FLOW-TO 14 
 46 40 1 1. 0. OPEN FLOW-TO 15 
 46 39 1 1. 0. OPEN FLOW-TO 16 
 46 38 1 1. 0. OPEN FLOW-TO 17 
 46 37 1 1. 0. OPEN FLOW-TO 18 
 46 36 1 1. 0. OPEN FLOW-TO 19 
 46 35 1 1. 0. OPEN FLOW-TO 20 
 46 34 1 1. 0. OPEN FLOW-TO 21 
 46 33 1 1. 0. OPEN FLOW-TO 22 
 46 32 1 1. 0. OPEN FLOW-TO 23 
 46 31 1 1. 0. OPEN FLOW-TO 24 
 46 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-16' GRAV-FRIC 
**$ 
WELL 'Well-17' 
PRODUCER 'Well-17' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-17' 
**$ UBA ff di Status Connection  
 57 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 57 54 1 1. 0. OPEN FLOW-TO 1 
 57 53 1 1. 0. OPEN FLOW-TO 2 
 57 52 1 1. 0. OPEN FLOW-TO 3 
 57 51 1 1. 0. OPEN FLOW-TO 4 
 57 50 1 1. 0. OPEN FLOW-TO 5 
 57 49 1 1. 0. OPEN FLOW-TO 6 
 57 48 1 1. 0. OPEN FLOW-TO 7 
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 57 47 1 1. 0. OPEN FLOW-TO 8 
 57 46 1 1. 0. OPEN FLOW-TO 9 
 57 45 1 1. 0. OPEN FLOW-TO 10 
 57 44 1 1. 0. OPEN FLOW-TO 11 
 57 43 1 1. 0. OPEN FLOW-TO 12 
 57 42 1 1. 0. OPEN FLOW-TO 13 
 57 41 1 1. 0. OPEN FLOW-TO 14 
 57 40 1 1. 0. OPEN FLOW-TO 15 
 57 39 1 1. 0. OPEN FLOW-TO 16 
 57 38 1 1. 0. OPEN FLOW-TO 17 
 57 37 1 1. 0. OPEN FLOW-TO 18 
 57 36 1 1. 0. OPEN FLOW-TO 19 
 57 35 1 1. 0. OPEN FLOW-TO 20 
 57 34 1 1. 0. OPEN FLOW-TO 21 
 57 33 1 1. 0. OPEN FLOW-TO 22 
 57 32 1 1. 0. OPEN FLOW-TO 23 
 57 31 1 1. 0. OPEN FLOW-TO 24 
 57 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-17' GRAV-FRIC 
**$ 
WELL 'Well-18' 
PRODUCER 'Well-18' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-18' 
**$ UBA ff di Status Connection  
 68 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 68 54 1 1. 0. OPEN FLOW-TO 1 
 68 53 1 1. 0. OPEN FLOW-TO 2 
 68 52 1 1. 0. OPEN FLOW-TO 3 
 68 51 1 1. 0. OPEN FLOW-TO 4 
 68 50 1 1. 0. OPEN FLOW-TO 5 
 68 49 1 1. 0. OPEN FLOW-TO 6 
 68 48 1 1. 0. OPEN FLOW-TO 7 
 68 47 1 1. 0. OPEN FLOW-TO 8 
 68 46 1 1. 0. OPEN FLOW-TO 9 
 68 45 1 1. 0. OPEN FLOW-TO 10 
 68 44 1 1. 0. OPEN FLOW-TO 11 
 68 43 1 1. 0. OPEN FLOW-TO 12 
 68 42 1 1. 0. OPEN FLOW-TO 13 
 68 41 1 1. 0. OPEN FLOW-TO 14 
 68 40 1 1. 0. OPEN FLOW-TO 15 
 68 39 1 1. 0. OPEN FLOW-TO 16 
 68 38 1 1. 0. OPEN FLOW-TO 17 
 68 37 1 1. 0. OPEN FLOW-TO 18 
 68 36 1 1. 0. OPEN FLOW-TO 19 
 68 35 1 1. 0. OPEN FLOW-TO 20 
 68 34 1 1. 0. OPEN FLOW-TO 21 
 68 33 1 1. 0. OPEN FLOW-TO 22 
 68 32 1 1. 0. OPEN FLOW-TO 23 
 68 31 1 1. 0. OPEN FLOW-TO 24 
 68 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-18' GRAV-FRIC 
**$ 
WELL 'Well-19' 
PRODUCER 'Well-19' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-19' 
**$ UBA ff di Status Connection  
 79 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 79 54 1 1. 0. OPEN FLOW-TO 1 
 79 53 1 1. 0. OPEN FLOW-TO 2 
 79 52 1 1. 0. OPEN FLOW-TO 3 
 79 51 1 1. 0. OPEN FLOW-TO 4 
 79 50 1 1. 0. OPEN FLOW-TO 5 
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 79 49 1 1. 0. OPEN FLOW-TO 6 
 79 48 1 1. 0. OPEN FLOW-TO 7 
 79 47 1 1. 0. OPEN FLOW-TO 8 
 79 46 1 1. 0. OPEN FLOW-TO 9 
 79 45 1 1. 0. OPEN FLOW-TO 10 
 79 44 1 1. 0. OPEN FLOW-TO 11 
 79 43 1 1. 0. OPEN FLOW-TO 12 
 79 42 1 1. 0. OPEN FLOW-TO 13 
 79 41 1 1. 0. OPEN FLOW-TO 14 
 79 40 1 1. 0. OPEN FLOW-TO 15 
 79 39 1 1. 0. OPEN FLOW-TO 16 
 79 38 1 1. 0. OPEN FLOW-TO 17 
 79 37 1 1. 0. OPEN FLOW-TO 18 
 79 36 1 1. 0. OPEN FLOW-TO 19 
 79 35 1 1. 0. OPEN FLOW-TO 20 
 79 34 1 1. 0. OPEN FLOW-TO 21 
 79 33 1 1. 0. OPEN FLOW-TO 22 
 79 32 1 1. 0. OPEN FLOW-TO 23 
 79 31 1 1. 0. OPEN FLOW-TO 24 
 79 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-19' GRAV-FRIC 
**$ 
WELL 'Well-20' 
PRODUCER 'Well-20' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-20' 
**$ UBA ff di Status Connection  
 90 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 90 54 1 1. 0. OPEN FLOW-TO 1 
 90 53 1 1. 0. OPEN FLOW-TO 2 
 90 52 1 1. 0. OPEN FLOW-TO 3 
 90 51 1 1. 0. OPEN FLOW-TO 4 
 90 50 1 1. 0. OPEN FLOW-TO 5 
 90 49 1 1. 0. OPEN FLOW-TO 6 
 90 48 1 1. 0. OPEN FLOW-TO 7 
 90 47 1 1. 0. OPEN FLOW-TO 8 
 90 46 1 1. 0. OPEN FLOW-TO 9 
 90 45 1 1. 0. OPEN FLOW-TO 10 
 90 44 1 1. 0. OPEN FLOW-TO 11 
 90 43 1 1. 0. OPEN FLOW-TO 12 
 90 42 1 1. 0. OPEN FLOW-TO 13 
 90 41 1 1. 0. OPEN FLOW-TO 14 
 90 40 1 1. 0. OPEN FLOW-TO 15 
 90 39 1 1. 0. OPEN FLOW-TO 16 
 90 38 1 1. 0. OPEN FLOW-TO 17 
 90 37 1 1. 0. OPEN FLOW-TO 18 
 90 36 1 1. 0. OPEN FLOW-TO 19 
 90 35 1 1. 0. OPEN FLOW-TO 20 
 90 34 1 1. 0. OPEN FLOW-TO 21 
 90 33 1 1. 0. OPEN FLOW-TO 22 
 90 32 1 1. 0. OPEN FLOW-TO 23 
 90 31 1 1. 0. OPEN FLOW-TO 24 
 90 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-20' GRAV-FRIC 
**$ 
WELL 'Well-21' 
PRODUCER 'Well-21' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ UBA ff di Status Connection  
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-21' 
**$ UBA ff di Status Connection  
 101 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 101 54 1 1. 0. OPEN FLOW-TO 1 
 101 53 1 1. 0. OPEN FLOW-TO 2 
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 101 52 1 1. 0. OPEN FLOW-TO 3 
 101 51 1 1. 0. OPEN FLOW-TO 4 
 101 50 1 1. 0. OPEN FLOW-TO 5 
 101 49 1 1. 0. OPEN FLOW-TO 6 
 101 48 1 1. 0. OPEN FLOW-TO 7 
 101 47 1 1. 0. OPEN FLOW-TO 8 
 101 46 1 1. 0. OPEN FLOW-TO 9 
 101 45 1 1. 0. OPEN FLOW-TO 10 
 101 44 1 1. 0. OPEN FLOW-TO 11 
 101 43 1 1. 0. OPEN FLOW-TO 12 
 101 42 1 1. 0. OPEN FLOW-TO 13 
 101 41 1 1. 0. OPEN FLOW-TO 14 
 101 40 1 1. 0. OPEN FLOW-TO 15 
 101 39 1 1. 0. OPEN FLOW-TO 16 
 101 38 1 1. 0. OPEN FLOW-TO 17 
 101 37 1 1. 0. OPEN FLOW-TO 18 
 101 36 1 1. 0. OPEN FLOW-TO 19 
 101 35 1 1. 0. OPEN FLOW-TO 20 
 101 34 1 1. 0. OPEN FLOW-TO 21 
 101 33 1 1. 0. OPEN FLOW-TO 22 
 101 32 1 1. 0. OPEN FLOW-TO 23 
 101 31 1 1. 0. OPEN FLOW-TO 24 
 101 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-21' GRAV-FRIC 
**$ 
WELL 'Well-22' 
PRODUCER 'Well-22' 
OPERATE MIN BHP 50. CONT REPEAT 
OPERATE MAX DWA 550. CONT REPEAT 
OPERATE MAX STW 3000. CONT 
OPERATE MAX STG 1000000. CONT 
**$ UBA ff di Status Connection  
**$ rad geofac wfrac skin 
GEOMETRY J 0.375 0.34 1. 0. 
PERF GEOA TURB 'Well-22' 
**$ UBA ff di Status Connection  
 112 55 1 1. 0. OPEN FLOW-TO 'SURFACE' 
 112 54 1 1. 0. OPEN FLOW-TO 1 
 112 53 1 1. 0. OPEN FLOW-TO 2 
 112 52 1 1. 0. OPEN FLOW-TO 3 
 112 51 1 1. 0. OPEN FLOW-TO 4 
 112 50 1 1. 0. OPEN FLOW-TO 5 
 112 49 1 1. 0. OPEN FLOW-TO 6 
 112 48 1 1. 0. OPEN FLOW-TO 7 
 112 47 1 1. 0. OPEN FLOW-TO 8 
 112 46 1 1. 0. OPEN FLOW-TO 9 
 112 45 1 1. 0. OPEN FLOW-TO 10 
 112 44 1 1. 0. OPEN FLOW-TO 11 
 112 43 1 1. 0. OPEN FLOW-TO 12 
 112 42 1 1. 0. OPEN FLOW-TO 13 
 112 41 1 1. 0. OPEN FLOW-TO 14 
 112 40 1 1. 0. OPEN FLOW-TO 15 
 112 39 1 1. 0. OPEN FLOW-TO 16 
 112 38 1 1. 0. OPEN FLOW-TO 17 
 112 37 1 1. 0. OPEN FLOW-TO 18 
 112 36 1 1. 0. OPEN FLOW-TO 19 
 112 35 1 1. 0. OPEN FLOW-TO 20 
 112 34 1 1. 0. OPEN FLOW-TO 21 
 112 33 1 1. 0. OPEN FLOW-TO 22 
 112 32 1 1. 0. OPEN FLOW-TO 23 
 112 31 1 1. 0. OPEN FLOW-TO 24 
 112 30 1 1. 0. OPEN FLOW-TO 25 REFLAYER 
HEAD-METHOD 'Well-22' GRAV-FRIC 
WLISTSHUT 'Well-10' 'Well-11' 'Well-13' 'Well-14' 'Well-15' 'Well-16' 'Well-17' 'Well-18' 'Well-19' 'Well-2'  
 'Well-20' 'Well-21' 'Well-22' 'Well-3' 'Well-4' 'Well-5' 'Well-6' 'Well-7' 'Well-8' 'Well-9'  
MXCNRPT 10 
DATE 2012 1 2.00000 
DATE 2012 2 2.00000 
WLISTOPEN 'Well-13' 'Well-2'  
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW  
OUTPRN WELL ALL 
DATE 2012 2 5.00000 
DATE 2012 3 2.00000 
WLISTOPEN 'Well-14' 'Well-3'  
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DATE 2012 4 2.00000 
WLISTOPEN 'Well-15' 'Well-4'  
DATE 2012 5 2.00000 
WLISTOPEN 'Well-16' 'Well-5'  
DATE 2012 5 5.00000 
DATE 2012 6 2.00000 
WLISTOPEN 'Well-17' 'Well-6'  
DATE 2012 7 2.00000 
WLISTOPEN 'Well-18' 'Well-7'  
DATE 2012 8 2.00000 
WLISTOPEN 'Well-19' 'Well-8'  
DATE 2012 8 5.00000 
DATE 2012 9 2.00000 
WLISTOPEN 'Well-20' 'Well-9'  
DATE 2012 10 2.00000 
WLISTOPEN 'Well-10' 'Well-21'  
DATE 2012 11 2.00000 
WLISTOPEN 'Well-11' 'Well-22'  
DATE 2012 11 5.00000 
DATE 2013 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW 
DATE 2013 5 5.00000 
DATE 2013 8 5.00000 
DATE 2013 11 5.00000 
DATE 2014 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW 
DATE 2014 5 5.00000 
DATE 2014 8 5.00000 
DATE 2014 11 5.00000 
DATE 2015 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW 
DATE 2015 5 5.00000 
DATE 2015 8 5.00000 
DATE 2015 11 5.00000 
DATE 2016 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW 
DATE 2016 5 5.00000 
DATE 2016 8 5.00000 
DATE 2016 11 5.00000 
DATE 2017 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW 
DATE 2017 5 5.00000 
DATE 2017 8 5.00000 
DATE 2017 11 5.00000 
DATE 2018 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW 
DATE 2018 5 5.00000 
DATE 2018 8 5.00000 
DATE 2018 11 5.00000 
DATE 2019 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW  
DATE 2019 5 5.00000 
DATE 2019 8 5.00000 
DATE 2019 11 5.00000 
DATE 2020 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW 
DATE 2020 5 5.00000 
DATE 2020 8 5.00000 
DATE 2020 11 5.00000 
DATE 2021 2 5.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW  
DATE 2021 5 5.00000 
DATE 2021 8 5.00000 
DATE 2021 11 5.00000 
DATE 2022 1 1.00000 
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OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW  
DATE 2023 1 1.00000 
DATE 2024 1 1.00000 
DATE 2025 1 1.00000 
DATE 2026 1 1.00000 
DATE 2027 1 1.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW  
DATE 2028 1 1.00000 
DATE 2029 1 1.00000 
DATE 2030 1 1.00000 
DATE 2031 1 1.00000 
DATE 2032 1 1.00000 
OUTPRN WELL ALL 
OUTPRN GRID ADS 'CH4' DATUMPRES PRES SG SW  
STOP 
RESULTS CBM_FLUID BEGIN 
RESULTS STD_PRESS 14.6959 
RESULTS STD_TEMPR 60 
RESULTS REGION BEGIN 'All Layers (Whole Grid)' 
RESULTS REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS INIT_GAS_CONTENT 'CH4' 0.292871 
RESULTS CBM_FLUID END 
 
 
 
RESULTS RELPERMCORR NUMROCKTYPE 1 
RESULTS RELPERMCORR CORRVALS 0.05 0.05 0.001 0.001 0.001 0.001 0.05 0.05 
RESULTS RELPERMCORR CORRVALS 1 1 1 -99999 1.2 1.6 1.2 1.6 
RESULTS RELPERMCORR CORRVALS_HONARPOUR -99999 -99999 -99999 -99999 -99999 -99999 -99999 -99999 
RESULTS RELPERMCORR NOSWC false 
RESULTS RELPERMCORR CALINDEX 2 
RESULTS RELPERMCORR STOP 
 
RESULTS SPEC 'Langmuir Adsorption Constant$C' 'CH4' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -100000  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.0035  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.0035  
RESULTS SPEC REGION 'Rel Perm Set Num 1' 
RESULTS SPEC REGIONTYPE 'REGION_TABLE' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.0035  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Langmuir Adsorption Constant$C' 'CH4' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -100000  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 0  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 0  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Maximal Adsorbed Mass$C' 'CH4' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -100000  
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RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.4772  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.4772  
RESULTS SPEC REGION 'Rel Perm Set Num 1' 
RESULTS SPEC REGIONTYPE 'REGION_TABLE' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.4772  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Maximal Adsorbed Mass$C' 'CH4' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 0  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 0  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Coal Desorption Time$C' 'CH4'  
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 4  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 14  
RESULTS SPEC REGION 'Rel Perm Set Num 1' 
RESULTS SPEC REGIONTYPE 'REGION_TABLE' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 4  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Fracture Spacing I'  
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.5  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Fracture Spacing J'  
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.1666  
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RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Fracture Spacing K'  
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.05  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Net Pay' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 33  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Net Pay' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 20  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Permeability I' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.001  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Permeability I' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 30  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Permeability J' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.001  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Permeability J' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
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RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 9  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Permeability K' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.0001  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Permeability K' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 3  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Porosity' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.01  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Porosity' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 0.02  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Pressure' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -100000  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 656  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 656  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Pressure' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 656  
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RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 656  
RESULTS SPEC REGION 'Rel Perm Set Num 1' 
RESULTS SPEC REGIONTYPE 'REGION_TABLE' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 656  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Rock Density' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 90.56  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 93.64  
RESULTS SPEC REGION 'Rel Perm Set Num 1' 
RESULTS SPEC REGIONTYPE 'REGION_TABLE' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 90.56  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Rock Density' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 90.56  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 93.64  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Rel Perm Set Num' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 1  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Rel Perm Set Num' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 1  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Endpoint Saturation: Connate Gas' MATRIX 
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RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.05  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Endpoint Saturation: Connate Liquid' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.05  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Water Saturation' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -100000  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.1  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.1  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Water Saturation' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -100000  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 1  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 1  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Endpoint Saturation: Connate Water' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 0.05  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Block Temperature' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 110  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
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RESULTS SPEC 'Block Temperature' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 110  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Global Composition$C' 'CH4' MATRIX 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 1  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 1  
RESULTS SPEC REGION 'Rel Perm Set Num 1' 
RESULTS SPEC REGIONTYPE 'REGION_TABLE' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 1  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Global Composition$C' 'CH4' FRACTURE 
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'All Layers (Whole Grid)' 
RESULTS SPEC REGIONTYPE 'REGION_WHOLEGRID' 
RESULTS SPEC LAYERNUMB 0 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 1  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 1  
RESULTS SPEC REGION 'Rel Perm Set Num 1' 
RESULTS SPEC REGIONTYPE 'REGION_TABLE' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 2 
RESULTS SPEC CON 1  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Grid Thickness'  
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 33  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
 
 
RESULTS SPEC 'Grid Top'  
RESULTS SPEC SPECNOTCALCVAL -99999  
RESULTS SPEC REGION 'Layer 1 - Whole layer' 
RESULTS SPEC REGIONTYPE 'REGION_LAYER' 
RESULTS SPEC LAYERNUMB 1 
RESULTS SPEC PORTYPE 1 
RESULTS SPEC CON 1650  
RESULTS SPEC SPECKEEPMOD 'YES' 
RESULTS SPEC STOP 
